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Abstract
Three-Way Catalysts (TWC) were created to control pollutants emissions from 
gasoline engines by performing simultaneous oxidation of CO and HC and 
reduction of NOx. Over the last 20 years, the main focus on their development has 
been the optimisation of the oxygen storage capacity (OSC) component, which is 
based on Ce02 materials. Improved thermal stability of these materials, in addition 
to improvements in fuel quality, has enabled the noble metal (NM) content of these 
catalysts to be reduced. As a result, the metal dispersion has improved and the 
interactions within the support become more important, making significant 
changes to the character of the noble metal, sometimes even leaving it fixed in a 
less reactive state.
Conventional preparative routes to disperse low NM amounts (< 1wt %) have been 
successful in the past but this is reaching its limit. The proposed approach to 
disperse low NM contents on Ce02 materials is based on the precipitation method 
to create a more intimate contact between the NM and the ceria, and improve in 
this way the oxygen mobility.
The effect of the Ce-precursor was firstly evaluated. The co-precipitation of Pd2+ 
and Ce3+ led to a catalyst with a similar Pd surface area to the material prepared 
by impregnation but with an improved Pd-Ce interaction, due to the partial ceria 
decoration of Pd particles. The co-precipitation of Pd2+ and Ce4+ led to a catalyst 
with low Pd surface area content, partly due to some Pd leaching during the 
preparation, but also likely to be due to higher encapsulation with the ceria.
0.5Pt-CeO2 and 0.5Rh-CeC>2 catalysts were also studied. The co-precipitation of 
these NM with Ce3+ also led to products with an improved NM-Ce interaction. 
However, in this case, the co-precipitated catalysts contained a lower NM surface 
area compared to their reference catalysts prepared by impregnation. The 
improved NM-Ce contact improved their OSC and pollutants conversions, but the 
lower surface metal content did not allow an improvement in their light-off 
temperatures.
Overall, the catalysts prepared by the co-precipitation method have increased the 
number of NM and Ce atoms in contact leading to higher OSC and pollutants 
conversions. This leads to a more efficient usage of noble metals and potentially 
cheaper catalyst.
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Chapter 1: Introduction
1.1. Introduction to Three-Way catalysts
Human activity has led to the contamination of key resources such as soil, water 
and air. The effect of pollutants on people’s health is a concern, especially those 
related to mobile sources, as their contribution is significantly higher compared to 
the other sectors (Figure 1-1) [1, 2].
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Figure 1-1: A) Effect of Environmental pollutants on human health (from [3]). B) Sector share of 
nitrogen oxides emissions (EEA member countries) (from [4]).
By the mid-20th century, air quality problems became a real issue due to the 
increasing number of cars on the roads [2, 5]. At that time, the car engine was 
relatively inefficient and complete oxidation of petrol to C 02 and H20  was not 
achieved. The exhaust gas therefore contained high amounts of unburned 
hydrocarbons (HC1) and CO, in addition to nitrogen oxides (NOx2) created during 
the explosive combustion in the cylinder between N2 and 0 2 [5, 6].
CO can act as a poison by binding to haemoglobin decreasing the oxygen carrying 
capacity of the blood leading to headaches, dizziness, disorientation, nausea and 
fatigue. NOx and unburnt hydrocarbons can undergo a photochemical reaction 
with sunlight, forming ground-level ozone. This phenomenon is known as smog3
1 HC (= hydrocarbons) is referred to as unburned fuel and other hydrocarbons formed by pyrolysis, 
and various oxygenated species.
2 NOx (= Nitrogen oxides) is referred to as the combination of NO and N 02.
3 The word "smog" is the combination of "smoke" and "fog".
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and is extremely dangerous for human health, causing effects from minor irritation 
to eyes to severe respiratory illnesses (Figure 1-2) [2, 7, 8].
Figure 1-2; Examples of smog phenomenon at Beijing (A) (from [9]), and London (B) (from [10]).
Catalytic converters were first introduced in the mid-1970s with the objective of 
reducing the level of pollutants emitted in the exhaust gas of vehicles [11]. Initial 
models contained just oxidation catalysts; this was followed by the development of 
a “Three-Way Catalyst” (TWC) technology, which was able to simultaneously 
perform three reactions: 1) oxidation of carbon monoxide, 2) oxidation of unburned 
hydrocarbons, and 3) reduction of nitrogen oxides. [12, 13].
The Three-Way catalyst is a multicomponent material, which is typically comprised 
of precious metals (mostly Rh with Pt and/or Pd) distributed across a thermally 
stable support (typically alumina) and a material with high oxygen storage capacity 
(such as ceria-based supports) [5, 14, 15]. Rh is used to promote NOx reduction, 
while Pt and/or Pd primarily perform CO & HC oxidation [5, 16-18].
The mechanisms of reactions with a TWC is complicated, as the simultaneous 
reduction and oxidations of NOx, CO and HC depend highly on the conditions 
experienced by the catalyst. The following reactions are simplifications of the real 
process (1-1 to 1-7) [6, 13, 19]:
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a) Removal o f CO 
CO oxidation:
2CO + 0 2—> 2C 02 (1-1)
Water-gas shift (WGS) reaction:
C 0 + H 20 - > C 0 2+ H 2 (1-2)
b) Removal o f HC  
Hydrocarbon oxidation:
CyHn + (y+n/4)02 (n/2)H20  + yC02 (1 -3)
Steam reforming:
CyHn + yH20  yCO + (y+n/2)H2 (1-4)
c) Removal o f NO*
CO + NO redox reaction:
2NO+ 2CO -> 2C 02+ N2 (1-5)
H2 + NO redox reaction:
2NO + 2H2 2H20  + N2 (1-6)
HC + NO redox reaction:
(2y+n/2)NO + CyHn (y+n/4)N2 + yC02 + n/2H20  (1-7)
The exhaust gas that flows through the catalyst contains a mixture of paraffin 
(CnH2n+2) and aromatic hydrocarbons, which are combusted with controlled 
amounts of air producing C 0 2 and H20 . The mass ratio of air to fuel in the exhaust 
is known as the Air/Fuel (A/F) ratio. Considering the mix of hydrocarbons and all 
the components in air, for gasoline an A/F ratio of 14.7:1 would be needed for the 
complete combustion of the pollutants [6, 19]. This is known as the stoichiometric 
ratio, and represents the conditions where it is theoretically possible to completely 
convert the three pollutants CO, NOx and HC, to C 0 2, N2 and H20 . The A/F ratio
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can be also expressed as lambda (A) or equivalence ratio, which is the ratio 
between the actual A/F ratio and the stoichiometric A/F ratio:
X = A/F  
Stoich. A /F
At A/F ratios above the stoichiometric value (fuel lean or simply lean) there is an 
excess of oxygen, thus the conversion of CO and HC is facilitated; however, due 
to the lower concentration of reductant, the NOx conversion will be low. In contrast, 
below the stoichiometric ratio (rich conditions) there is a deficit of O2; the 
insufficient amount of oxidant will not allow the complete combustion of carbon 
monoxide and hydrocarbons, but NOx conversion increases [6, 14, 19]. This is 
represented in Figure 1-3:
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Figure 1-3: A) Representation of a Three-Way catalyst; B) Example of an engine bench performance of 
a TWC. In the vicinity of the stoichiometric point all three pollutants are efficiently converted to CO2,
H20  and N2.
As the working window for an efficient conversion is very narrow, many of the 
developments in TWCs have been focused on optimising the sensors that control 
the A/F ratio. Nowadays, these sensors measure oscillations around 1±0.03 about 
the stoichiometric ratio at a typical frequency of 1 cycle per second [14, 19]. 
Figure 1-4 shows a schematic representation of the gasoline catalytic system.
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Figure 1-4; schematic representation of the gasoline catalytic system using a Three-Way Catalyst. The 
first oxygen sensor is used for A/F control {closed loop control); the second sensor is used for
diagnostics of catalyst activity.
In addition to this, the use of materials with a high oxygen storage capacity (OSC) 
have also helped to minimise the fluctuation of the A/F ratio around this point (see 
reactions 1-8 to 1-13) [6, 20, 21]. Ceria (Ce02) was recognised as a key material 
for this role in the mid-1970s, and is able to store or release oxygen depending on 
the A/F ratio due to its redox properties. Its use is so important that most of the 
world production of ceria is destined for the automotive sector, where usage has 
doubled over the last 15 years [14, 22, 23]. More information about the OSC 
component can be found in section 3.
Ceria releasing oxygen:
Ce02 + xCO —> Ce02-x + xC02
Ce02 + CxHy —* CeO’2-(2x+0.5y)
Ce02 + xH2 —» Ce02.x + xH20
Ceria uptaking oxygen:
Ce02.x + xNO —► Ce02 + 0.5xN2 
Ce02.x + xH20  —> Ce02 + xH2 
Ce02.x + 0.5xO2 —» Ce02
+ xC02 + 0.5yH2O
(1-8)
(1-9)
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(1-12)
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1.2. Historical background
1.2.1. Evolution o f em issions regulations
USA became the first country to introduce regulations for the control of harmful 
emissions. This was in the form of the Clean Air Act, which was approved by the 
U.S. Congress in 1970 [6, 16, 17, 24].
The Clean Air Act established the limits allowed for some pollutants, mostly 
emitted from automobiles: CO, HC, NOx and Particulate Matter (PM). Europe and 
Japan soon followed the example set by the USA [25, 26], with the rest of the 
world subsequently bringing in their own legislations [17]. These limits have 
become increasingly stringent over time (see Figure 1-5).
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Figure 1-5; Benchmark emissions for gasoline engines. Evolution limits for HC, NOx and CO between 
the years 2000 and 2010 for legislations at Europe, Japan and United States, (from [27])
To test engine-out emissions, the Environmental Protection Agency (EPA) 
established the Federal Test Procedure (FTP) (Figure 1-6), which consisted of 
measuring CO, HC and NOx concentrations simulating the average driving 
conditions in the United States. In this test three different conditions were 
measured:
1. Cold start
2. Hot start
3. Combination of urban and highway driving conditions
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ERA Federal Test Procedure (FTP)
Duration ■ 1874 seconds, Distance ■ 11.04 miles. Average Speed ■ 21.19 mph
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Figure 1-6: Example of EPA Federal Test Procedure for light-duty vehicles under urban driving, in 
which a vehicle is started with the engine cold and driven in stop-and-go rush hour traffic (from [28])
By 1976 the catalyst was required to achieve >90% CO and HC conversion and to 
maintain its activity for at least 50,000 miles [6]. Thanks to improvements in the 
catalytic converter technology, this and further tighter standards were achieved, 
and a significant decrease of pollutant emissions was soon observed. An example 
of the tightening of the European emissions legislation can be seen in Figure 1-7, 
which shows the maximum limit for the different emissions.
CO □  THC 
THC+NOx □  NMHC 
N 0 X ■  PM(xlO)
Euro 1 
1993
Euro 2 Euro 3 Euro 4 EuroS Euro 6 
1997 2000 2005 2009 2014
Figure 1-7: Development of Gasoline European legislation (Johnson Matthey Pic, 2008). (CO = carbon 
monoxide, THC = total hydrocarbons, NOx = nitrogen oxides, NMHC = non-methane hydrocarbons, PM
= particulate matter)
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1.2.2. The invention of the catalytic converter
Practically all the published literature reports that the catalytic converter was 
invented by workers at the Engelhard Corporation in the United States in the 
mid-1960s [29]. However, in 1909 two patents applications, one in France 
(FR 402173) and another in United Kingdom (GB 9364/1909) were filed with an 
extremely similar technology by Michael Frenkel [30]. The principle of his invention 
was to use a high content of noble metal, mainly platinum, supported onto a solid 
to be used into the main exhaust stream. His invention even included a 
mechanism for diluting the exhaust stream by a secondary air blast before passing 
through the catalytic converter. His patent was published in the United Kingdom, 
but for unknown reasons, the final stage of acceptance (payment of the sealing 
fee) was never completed. It was not until 1950 that Eugene Houdry was then 
granted with a patent on an invention called a “Catalytic Converter” (US2742437), 
based on similar principles to Michel Frenkel’s technology [31-33] . A few years 
later, this idea was further developed by John J. Mooney and Carl D. Keith at the 
Engelhard Corporation, creating the first production catalytic converter in 1973 
[29, 34].
1.2.2.1. The connection between unleaded gasoline and the catalytic 
converter
One of the biggest changes in the composition of gasoline occurred as a 
consequence of the catalytic converter. Previous to the creation of the catalytic 
converter, gasoline contained tetraethyl lead (TEL), which was an additive used to 
increase the octane rating of gasoline and to avoid premature ignition (known as 
“knocking”) [35-38]. The effect of TEL was discovered by Thomas Midgley of 
General Motors (US) in 1921 [39], and was quickly commercialised worldwide.
i  m  i o riap ier i: miroauction
Unfortunately, TEL is a neurotoxin that can irreparably damage the brain and 
central nervous system, and can even cause death [36, 37]. Because of these 
effects, leaded fuel was known as “loony gas”. At first, the dangers of TEL were 
not known, and soon after it started being produced at several refineries in New 
Jersey and Ohio (in 1924) some of the workers fell mysteriously ill and died 
[35-37].
In 1925, the Surgeon General temporarily suspended the production and sale of 
leaded gasoline, and started an investigation to clarify the health concerns [35-37]. 
After seven months it was concluded that there were no detectable symptoms of 
lead poisoning and its commercialisation was restored. Some published articles 
suggested that this decision was political influenced [36]. In fact, between 1950 
and 1960, the Surgeon General allowed an increase of TEL content in gasoline 
[35, 36]. In 1970 vehicle emissions started to be controlled under the Clean Air Act 
created by the EPA, and the catalytic converter was added to the engines. It was 
soon noticed that the lead was irreversibly poisoning the active metal of the 
oxidation catalyst, significantly decreasing its activity to convert the pollutants 
[35-38]. This was an important issue, as the catalyst was needed to achieve the 
new emissions legislation. The EPA responded to this issue by limiting the lead 
content in gasoline, with further decreasing limits in the following years.
Currently, lead is not added to gasoline, instead highly branched isomers are 
used. In addition, oxygenated fuels are also being produced by blending ethanol 
with gasoline, which burn more efficiently and thus produces less air pollutants 
[38].
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1.2.2.2. Structure of the catalytic converter
The major developments in catalyst design have come about through an 
observational/empirical approach based on numerous trials. Since the invention of 
the catalytic converter, only two different structures have been commercialised: 
beaded (or particulate) and monolithic [16] shown in Figure 1-8. The original 
beaded catalysts were based on Y-AI2O3 spheres (1/8-1/4 inch, in diameter), which 
contain the active catalytic component impregnated onto their surface. These 
beads were loaded in a flat radial flow-like reactor and placed before the muffler in 
the exhaust. Monolithic catalysts use a ceramic honeycomb monolith that has 
parallel open channels. Because of the relatively low porosity, this ceramic 
material cannot be used as a catalyst support. For this reason the catalyst is 
washcoated and impregnated onto the walls of the honeycomb.
A
Insulation
Figure 1-8: Representation of a beaded catalytic converter (A), and a monolithic catalytic converter (B) 
(After ref. [40]).
Monolithic catalysts quickly replaced the beaded system, due to their longer 
durability and flexibility, but mainly due to their lower backpressure [16]. However, 
one disadvantage they presented initially was the expansion of the ceramic 
material when thermally stressed (as the catalyst can see temperatures of up to 
1200 °C), creating cracks in the washcoat on the walls. This problem was soon 
solved by the use of a new low-thermal-expansion ceramic material: cordierite. 
This material has a composition of (Mg,Fe)2Al3(Si5AIOi8) and is still in use today. 
Metallic honeycomb can also be used as a washcoat-support, although its use is
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not as wide as the ceramic substrates, due to expense and temperature limitations 
[6 , 16, 17].
The formulation of the catalytic converter has been largely dependent on the 
legislation at that time, with regulation driving the innovation and invention of new 
materials. At the beginning, the primary target for autocatalysts4 was the oxidation 
of HC and CO, where maximum conversion of these pollutants was required. After 
a short time, the legislation included NOx as regulations tightened, forcing 
significant changes in the design of the entire catalytic system [6 , 16, 17, 41].
1.2.2.3. Evolution of the catalytic converter 
First generation: from base metais to Pt-Pd
The first oxidation catalysts were based on beaded systems where base metals 
(i.e. Cu, Ni, Co, Mn) were supported on alumina. These were found to be good 
active catalytic components, but due to their high sensitivity to poisoning by 
compounds present in the fuel (lead, halide, sulphur dioxide) and their low thermal 
durability it was necessary to find alternatives [6 ] [16-18].
Platinum group metals were found to be extremely active, but their high cost and 
availability was an issue of concern. However, it quickly became obvious that base 
metals were not able to fulfil the requirements for automotive applications. Noble 
metals showed an excellent reactivity, thermal durability and high (compared to 
base metals) resistance to poisoning [16,17].
Within the platinum group, ruthenium, iridium and osmium all formed volatile 
oxides at high temperature, thus leading to metal losses [16, 17, 42]. However, 
palladium and platinum showed higher stability under most operating conditions
4 The catalysts used in the automotive sector are referred as autocatalysts.
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and met all the requirements to be used as catalysts for emission control [13, 16, 
18], In this first generation of autocatalysts rhodium was not used as this metal 
showed very poor activity for CO and HC oxidation [17].
Issues were also seen when using Pd-only and Pt-only catalysts. Pd-only TWC 
were found to be more affected by fuel poisoning, and Pt-only catalysts showed 
less thermal resistance under oxidising environments than Pd [6, 11, 16]. The 
combination of Pt and Pd on a high surface area support (i.e. ~ 200 m2 g '1), like 
alumina, did however lead to a reasonable performance. The typical formulation of 
the first generation catalysts, as stated by Ronald M. Heck & Robert J. Farrauto, 
was 2.5:1 weight ratio of Pt:Pd with a total precious metal of 0.05% for beads, and 
0.12% for honeycombs (1976-1979) [6].
Second generation: Rh (bed 1) & Pt-Pd (bed 2)
In 1979 the requirement to control NOx emissions forced a change in the design of 
the catalytic system. The first approach to control the three pollutants (NOx, CO, 
HC) at the same time was the creation of a dual bed system. The first bed was run 
in the absence of oxygen to promote the reduction reaction of NOx to N2; this was 
followed by an air injection before the second bed to perform the oxidation of CO 
and HC in the second bed [6, 17, 18] (Figure 1-9B).
Air
Pt/Pd
/mmm
ExhaustEngine
Pt/Rh Pt/Pd
Reduction ExhaustEngine
Figure 1-9: Schematic representation of A) first catalytic oxidation system for HC and CO removal, and 
B) later modification of the catalytic system, which included NOx reduction.
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Several authors studied Ru as a possible reductant catalyst due to its high 
selectivity to reduce NOx to N2, however Ru volatilises at temperatures higher than 
300 °C, which made it unsuitable for commercialisation [11, 17, 18, 41, 43]. H.S. 
Gandhi from the Ford Motor Company explained in his review “Automotive 
Exhaust Catalysis” how they tried to stabilise Ru forming ruthenate compounds, 
but the additional cost and the reduced activity could not compete with the most 
expensive noble metal: Rh [17]. Pt and Pd were also considered for this role, but 
they showed higher selectivity towards NH3 instead of N2. Therefore, a dual-bed 
system was introduced; the first bed was a Rh containing catalyst which performed 
NOx reduction, whilst the second bed was still based on a typical oxidation catalyst 
of Pt and Pd.
Third generation: three-way catalysts
The earliest car engines were fuelled via carburettors that could not precisely 
control the A/F mix which subsequently affects the performance of the catalyst. It 
was observed that when the exhaust gas was close to an A/F mass ratio of 14.7:1, 
it was possible to obtain high conversion of all the three pollutants at the same 
time [5, 16]. This was the starting point for the design of a new technology: the 
Three-Way Catalyst [44].
The idea was to control the A/F ratio thanks to a sensor called an exhaust gas 
oxygen (EGO) or lambda sensor, which could control the air-fuel mix going 
through the catalyst. This allowed a single catalyst to be used (instead of two) in a 
controlled narrow window around the stoichiometric point of the exhaust gas to 
assure the simultaneous conversion of the three pollutants (Figure 1-9). By the 
early 1980s, the single catalyst system was used worldwide. [6 , 2 1 ].
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In order to buffer the impact of the small oscillations around the stoichiometric 
point, a material that could release oxygen when operating under rich conditions 
(to remove the excess of HC and CO), and then adsorb the excess of oxygen 
during the lean conditions was required. This necessity led to the use of high 
oxygen storage materials, which due to their redox properties could adsorb or 
release oxygen during the lean-rich oscillations. Oxides such as NiO/Ni or 
Fe2 03 /Fe0  were used in the past, but the material found with the highest capacity 
was Ce0 2 /Ce2 0 3  [14, 17]. Ceria not only presented good redox properties but it 
was also highly active for the water-gas shift reaction [44]. This reaction between 
CO, HC and H2O is performed under rich conditions and forms H 2 which can be 
used to reduce NOxto N2 (reactions 1-14 to 1-16).
CO + H20  —► H2 + C 0 2 (1-14)
CyHn + 2yH20  — (2y + n/2)H2 + yC 02 (1-15)
NOx + xH2 —> 1/2N2 + xH20  (1-16)
The first generation of TWC were based on Pt and Rh supported on AI2O3 with a 
weight ratio of 5:1 (Pt:Rh) and some added ceria [17]. Despite its relatively low 
cost, in this early formulation Pd was not considered for this role due to its lower 
resistance, in comparison to Pt, to sulphur poisoning [17]. It was not until the mid- 
1990s that Pd started to be included in TWC formulations [17, 45], due to the 
development of fuels with lower sulphur content [5]. Due to its higher demand for 
this application, Pd cost suddenly increased, and its market price quickly reached 
similar values to Pt (Figure 1-10) [5, 13]. In later years legislation forced petrol and 
oil suppliers to further lower the content of sulphur and phosphorus in their fuels 
[17]. For example, in the US from 2003 the sulphur content could not exceed 50 
ppm; nowadays it is possible to find petrol with less than 10 ppm of sulphur, in 
what is referred to as ultra-clean fuels [46, 47]. The improvement can be
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appreciated when this value is compared with the maximum sulphur allowed in 
1995, which was more than 300 ppm [21, 48].
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Figure 1-10: Evolution of Platinum, Palladium and Rhodium prices from 1994 to 2014. (Source -
Johnson Matthey)
One disadvantage found for Pd-Rh catalysts was that under oxidising conditions at 
high temperature (-800 °C) Pd segregated as PdO, covering the Pd-Rh alloy, 
which resulted in the suppression of Rh activity to reduce N 0 X [17]. Therefore, the 
separation of the noble metals to avoid these Pd-Rh interactions became a 
necessity, which significantly increased the complexity of the catalyst design 
process [45]. About the same time, Pd-only catalysts were studied as potential 
TWCs, where N 0X conversion was increased by modifying Pd properties with the 
addition of promoters, particularly alkaline-earth and lanthanide oxides, which can 
change the electronegativity around the Pd [16, 17], Despite some of them
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showing very good activity for NOx conversion and selectivity to N2, the majority 
had poor thermal stability [49] or were highly efficient but in a narrower A/F window 
[50, 51].
Durability and fast light-off performance (high pollutants conversions at low 
temperature) for cold starts5 were added as two extra requirements from the 1990s 
and onwards [5, 17, 44]. In order to increase the durability, stabilised cerias started 
to be developed. The best results were found using ceria-zirconia mixed oxides, 
which provided higher surface area after high temperature ageing and a significant 
improvement in the OSC compared to simple cerium oxides [17, 44].
To improve cold-start emissions, initial attempts increased the noble metal loading. 
However, this also increased the level of metal sintering at high temperature in 
addition to adding a significant extra cost [5]. Development then focussed on 
modifying the catalytic system, incorporating extra components such as 
hydrocarbon adsorbers, electrically heated catalysts or close-coupled converters 
(also known as start-up converters) to increase the initial temperature 
(Figure 1-11). At the present time durability and fast light-off performance are still a 
matter of on-going investigation.
; h c - Calaiysl
Hydrocarbon adsorber (HC -adsorber)
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Figure 1-11: Main strategies developed for the control of the emission during cold-starts (from [5]).
5 First 10-20 seconds during the start-up of the engine.
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1.2.3. P resent and fu ture  challenges
More than 30 years after its creation, TWCs are still being used. The basic 
composition of the catalyst has not changed much; current formulations are still 
mainly based on precious metals (principally Pd and Rh) on stabilised aluminas 
and ceria-based mixed oxides [12]. However, considerable development has been 
performed on improving the catalyst preparation process. In most commercialised 
catalysts Rh is separated from Pt and/or Pd on different washcoat layers, but it is 
also possible to find single layer catalysts where the noble metals have been 
selectively deposited onto certain supports to avoid detrimental interactions [16]. 
Another important improvement has been achieved around fuel economy, due to 
more efficient oxygen sensors, which have further minimised the oscillations of A/F 
ratio around the stoichiometric point (Figure 1-12) [5].
AT A f
12 14 1$ 12 14 15
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Air/Fuel Ratio
Figure 1-12: A) Conversion efficiency vs air-fuel ratio, showing typical air-fuel oscillations of 1986 and 
1990 cars (from [5]). B) Relation between lambda and fuel & power (from [52]).
Durability and fast light-off performance are some of the main requirements that 
have not yet been completely solved, for example, where emissions typically 
exceed regulations for the first 15 seconds after engine ignition [5]. Therefore,
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most of the worldwide on-going investigations are currently focussing on these 
issues. In addition, current economic pressure is forcing researchers to find 
cheaper alternatives which will still meet all technical requirements. Predictions for 
future emissions legislation discuss including new standards for specific pollutants 
that until now were either not measured or were included within a group (CO 2, 
CH4, N 0 2, N20 , NH3), in addition to more stringent regulations [53, 54]. Between 
the US and the EU legislation there are already a few differences regarding the 
way some of these pollutants are measured. For example, in the US CH4 is 
specifically controlled separately from the rest of the hydrocarbons; this last group 
known as non-methane hydrocarbons (NMFIC), whilst the EU had not performed 
this differentiation until now. In the upcoming EU legislation CFU will be looked at 
separately as a green-house gas. A scheme of the predicted future changes in the 
emissions legislations can be found in Figure 1-13. These future measures will 
certainly create new challenges for those working in the automotive sector.
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1.3. The OSC component
1.3.1. C e-based m a te ria ls
As previously mentioned, the oxygen storage capacity (OSC) is one of the most 
important properties that any TWC needs to have. The most common materials 
known to have high OSC are the rare-earth metals oxides; ceria and ceria-zirconia 
mixed oxides are typically used for this application.
The most stable form of cerium under oxygen is Ce02, which has a fluorite 
structure (Figure 1-14). Mass transport in fluorite-type materials is faster for anions 
than for cations. In this structure 0 2~ ions are removed from the C e02 lattice during 
the reduction to Ce20 3 , leaving a number of anion vacancies [21]:
Ce4+ - O2' —> Ce3+ - V0 + V2O2 (1-17)
V0 = oxygen vacancy
o
m
Figure 1-14: Representation of the fluorite structure of C e02(from [55]).
Whilst C e02 presents a high OSC, the low thermal stability makes it inadequate for 
practical use. This material was soon replaced by Ce-Zr mixed oxides, which 
showed better durability due to Zr higher thermal stability, and improved OSC [17, 
44, 56].
The structure formed after Zr addition plays an important role in the performance 
of the material. The OSC appears to be 3-5 times higher if Ce and Zr are 
homogeneously distributed as a result of a mixed oxide formation [5, 57-60]. 
During the oxygen release process the structure of the ceria component is 
exposed to a stress, due to the increase of Ce size when Ce4+ is converted to Ce3+ 
[60, 61]. The stress produced further restricts changes of the Ce. However, the
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incorporation of Zr ions, which are smaller than Ce ions, compensates the volume 
increment facilitating the valence change from Ce4+ to Ce3+, as a consequence the 
OSC improves (Ionic radius: Zr4+ = 0.84 A; Ce4+ = 0.97 A, Ce3+ = 1.14 A) [60].
Opinions are divided over the effect of the oxygen coordination around Zr. Nagai 
et a i found that a more centrosymmetric coordination of oxygen around Zr (same 
length for all Z r-0  bonds) improved the oxygen mobility [60], whilst other authors 
concluded that a Z r-0  coordination of the type 4+2 (short + long) further enhanced 
the OSC [62, 63].
It is well known that the OSC results from a combination of surface and bulk 
phenomena for Ce-Zr solid solutions; however, it is mainly a surface process for 
Ce02 alone [5, 17, 44, 56, 57]. Figure 1-15 shows a Fh temperature programmed 
reduction (H2-TPR) comparison of ceria samples with different surface areas. Here 
it is possible to see how the first reduction peak (-775  K), associated to the 
surface reduction of ceria, is dependent on the surface area, being almost non­
existent for the sample with the lowest value. Instead, the second peak (-1100 K) 
associated to the bulk ceria reduction increases when the surface area decreases. 
The reason for this behaviour is that pure Ce samples nanocrystals and bulk Ce4+ 
possess different kinetic and thermodynamic properties. This is contrary to what is 
seen for Ce-Zr, where the electron conductivity and activation energy for oxygen 
diffusion is similar in both nanocrystalline and sintered bulk material [5, 15]. 
Therefore, even CeZr systems with low surface area can have a good OSC
L / n a p i e r  i ;  i n i r u u u u u u n
temperature (K)
Figure 1-15: Evaluation of simultaneous changes on TPR profile (right) and surface area (left) of 
different samples of ceria: high-surface area (▲, — ), medium surface area (■, — ), 
low surface area (•, ■ ■ •) (from [15]).
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Two different possibilities for the OSC rate-determining step have been proposed 
in the literature: i) the surface reaction between the oxygen acceptor (i.e. CO, HC) 
and the oxygen of the mixed oxide [57, 61], or ii) oxygen diffusion from the bulk of 
the support [5, 59]. This discussion is ongoing with no universally agreed OSC 
mechanism for C e02 and Ce-Zr solid solutions.
To promote the OSC reaction a noble metal can be added, either on the support or 
as a dopant, acting as a link to facilitate the adsorption of the oxygen-donor and 
consequent oxygen migration to the support vacancies (and vice versa) [56], Thus, 
this metal-support interface is a key factor for a good OSC. Ir and Ru were found 
to be the most active noble metals for this reaction, however, as mentioned 
previously, the formation of volatile oxides make their use impractical [64]. 
Focusing on the OSC activity seen on noble metals supported on C e 0 2 the 
following activity order has been reported: Ir > Ru > Rh > Pt > Pd [56, 57].
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According to Bedrane et al. the noble metal particle size needed for an optimum 
OSC will depend on each of the metals [64]. Bedrane and co-workers found that 
small particles enhanced the OSC when using Rh, but decreased it when using Ru 
or Ir. The Pt particle size however, does not show any influence when Ce-Zr is 
used as the support; but when Pt was supported onto C e 0 2 the particle size was 
dependent on the operating temperature: small particles were more active at 
temperatures lower than 400 °C, but above this temperature larger particles 
demonstrated better OSC. This peculiar behaviour of Pt was believed to be related 
to changes in the metal particle phase with temperature: (111), (110) and (100), 
with Pt( 111) phase the most active for oxygen desorption [64]. Fan et al. found 
similar results with Pt on Ce-Zr mixed oxides; in this case the study was based on 
Ce/Zr/La catalysts with different Pt loadings, where the best catalyst for propane 
conversion was the one with the lowest Pt dispersion [65].
Several studies revealed that noble metals deposited on Ce-based supports were 
interacting with the ceria forming a NM-O-Ce bond (NM = noble metal) [66-69]. 
S.J. Tauster et al. were first in reporting this metal-support interaction, nowadays 
known as SMSI (Strong Metal Support Interaction) [70]. One of the benefits seen 
was that this interaction helped to stabilise the metal dispersion and therefore 
reduced the level of metal sintering [55, 67-69]. In addition, the NM-O-Ce 
interaction enabled the noble metal particle to be reduced under reductive 
conditions at high temperature leaving it in a metallic state that was more active 
than the oxidised state [68].
It was found that the electron density of the oxygen from the support mainly 
controlled the strength of the metal-support interaction [68]. Thus, different CeZr 
materials will show different NM-O-Ce strengths for each particular noble metal. In
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the same way, any other metal added to the support will also modify the electron 
density around the oxygen.
1.4. Deactivation of the catalyst
The severe conditions to which the catalyst is exposed during realistic driving 
times causes some catalyst deactivation. As the catalyst is placed close to the 
engine the main cause of deactivation is usually associated with thermo-chemical 
degradation, especially under oxidising conditions at temperatures higher than 
900 °C [5, 14, 21, 46]. The main deactivation processes are summarised in 
Table 1-1:
Table 1-1: Deactivation mechanism on Three-Way Catalysts
Therm al C hem ica l
• Sintering of support and/or metals •  Poisoning: irreversible
• Noble metals alloying adsorption
• Support phase separation • Inhibition: reversible adsorption
• Noble metal-base metal interactions • Physical/chemical blockage of
• Oxidation support pore structure
• Encapsulation of the noble metal by
the support
• Metal volatilization
Chemical poisoning is produced by the chemisorption of unwanted and harmful 
species from gasoline and lubricant oils on the active sites of the catalysts. The 
impurities block the sites leaving them inaccessible to the reactants. This 
deactivation is mainly due to sulphur from gasoline, and phosphorus from lubricant 
oils among others [6, 46]. The A/F ratio affects the behaviour of sulphur. Under 
lean conditions sulphur is stored as SO2, SO3, and SO42', and under rich 
conditions it is released as H2S. The deactivation by sulphur is also more
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significant at low temperatures (T < 650 °C), whereas at high temperatures 
(T > 1000 °C) sulphur adsorption is almost non-existent [6, 46].
Lubricants oils also contain several other harmful species, for example P, Zn, Ca, 
and Mg. Over time, these impurities are deposited on the surface of the catalyst 
forming a thin layer, covering the precious metals in the porous washcoat. For 
example, phosphorus contamination can be seen as adsorbed phosphates with 
the other impurities (pore blockage) or with the support (pore collapse); when this 
happens with Ce, the Ce remains in the Ce3+ oxidation state, which is detrimental 
for the OSC [46]. Unlike sulphur, phosphorus species are not believed to poison 
noble metals [6].
Generally, precious metals in metallic form show more resistance to poisoning 
than the respective metal oxides, however each of them present different 
resistance levels. For example, Pd is highly sensitive to sulphur and lead 
poisoning, whereas Rh and Pt are more resistant to such species [21, 46].
Thermal sintering of noble metals and supports is an on-going problem. As noble 
metal particle size increases the dispersion decreases, which means there are a 
lower number of active sites to create the noble metal-support interaction. This in 
addition to the sintering of the CeZr support will further decrease the number of 
interactions. The presence of additives in the support, such as La, Nd, Pr, Sm, and 
Y, among others, is known to reduce the level of sintering of the support [5, 12, 21, 
46].
For each noble metal, degradation by sintering occurs to different extents. If Pt, Pd 
and Rh are compared, metallic Pt is fairly stable to sintering, but under oxidising 
conditions at high temperatures forms P t02, which is the most mobile of the oxides 
compared here (P t02, PdO, Rh2Os). Pd usually exists as a more stable oxide that
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is highly active for oxidation reactions [16, 46]. Rh degradation is often associated 
with interactions between Rh203  and the support, forming inactive Rh-support 
species (i.e. Rh aluminates). As metallic Rh is needed for NOx reduction, these 
reactions are highly undesirable [16, 71].
At the same time, the sintering rate is also dependent on the exhaust gas mixture 
(Figure 1-16). Oxidative atmospheres at high temperature (T > 900 °C) are 
especially detrimental for the support and the noble metal [5, 46, 71].
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Figure 1-16: Comparison of surface areas in different ageing gas atmospheres after 3 hours of ageing
on a commercial Pd-Rh based TWC (from [46])
Precious metals can also suffer deactivation by alloying. Due to the high TWC 
operation temperatures, when the metals are all placed on the same support this 
is practically impossible to avoid. The surface composition of the alloys is also 
sensitive to the gas mixture. In Pt-Rh alloys 0 2 and NO induce Rh segregation due 
to a stronger Rh-0 bond strength compared to Pt-O [72], whereas H2 promotes Pt 
segregation on the surface of the alloy [13].
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Encapsulation of the noble metal by the support is also a serious type of 
deactivation as this can be an irreversible process [5, 6, 46]. The noble metal can 
be lost by deep encapsulation as the oxygen-storage material sinters and is 
therefore not accessible for the adsorption of gas phase molecules. The extent of 
encapsulation depends on additional factors, including metal loading and CeZr 
composition. Noble metals can also be found to be covered by the support without 
being trapped inside the bulk, this phenomenon is known as decoration and, unlike 
encapsulation, it can be a reversible process [67] (Figure 1-17).
decoration
f
decoration 
f
P t^
(111) Ce02 
/
IS I S
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Figure 1-17: HREM study of the metal decoration and encapsulation effects occurring in Pt(4%)/Ce02
reduced at 973 K (from [67]).
1.5. Preparation methods for CexZr1.x0 2 and NM-CexZr|.x0 2 
materials (NM = noble metal)
Textural properties such as surface area, pore volume, and crystallite phase play 
an important role in the activity of the catalyst. Therefore, the control of the 
preparation parameters is critical to achieve the most optimised product.
Over the years, a range of different preparation methods have been studied for the 
synthesis of C e02 and CeZr solid solutions, such as co-precipitation [73-80],
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hydrothermal synthesis [73, 76, 78], high energy mechanical milling [21], sol-gel 
preparation [75, 78-81], solution combustion [75], surfactant-assisted approach
[21], or microemulsion [73, 75, 77, 78], among others. The final properties of the 
Ce-Zr material, such as structure, texture and surface, were found to be highly 
dependent on the preparation method chosen [5, 44, 73, 75, 80]. Overall, 
co-precipitation, sol-gel and microemulsion preparation methods have been the 
most used techniques, where products are highly homogeneous and so are more 
stable structures after high temperature ageing [73]. Table 1-2 shows the main 
advantages and disadvantages of each of these three methods. The next sections 
focus exclusively in the co-precipitation synthesis as this was the method chosen 
for this research.
Table 1-2: Advantages and disadvantages of the main techniques used for mixed oxides preparations. 
For a description of each process refer to the Appendix.
Co-precipitation - No organic solvents
- Low temperature
- Inexpensive
- Easy process
- Formation of 
aggregates
- Similar precipitation 
rates required (for good 
homogeneity)
- Small changes during 
preparation lead to 
different products
Sol-gel - Final product on the 
nm scale
- Low temperature
- Easy process
- Need alkoxides 
solutions as precursors 
(expensive)
- Difficult to find a 
solvent that can 
dissolve all the metal 
alkoxides required
Microemulsion - Final product on the 
nm scale
- Easy to control the 
final particle size
- Precursor is a mixture 
of water, surfactant, 
and oil.
-  The nuclei must form 
at the same time and 
rate to form 
monodispersed 
particles
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1.5.1. C o-precip ita tion
Co-precipitation was considered a promising method to prepare mixed oxides, due 
to its minimal use of reactants and simple procedure to synthesise powders with 
moderate surface area (-100  m2 g'1) [44, 82]. In this method a solution containing 
the precursors in the desired stoichiometric ratio is mixed with a second solution 
containing the precipitant agent. This leads to the precipitation of a mixed solid 
powder. The product is then filtered, dried and calcined.
However, tiny modifications of the different parameters of this preparation can 
have an impact on the final structure of the solid solution as discussed below [5]. 
As an example, the impacts of some of the preparation parameters during the 
synthesis of CexZri.x0 2  materials are discussed:
Ce precursor:
Most authors agree that the Ce precursor is the important factor controlling the 
final structure of the Ce-Zr mixed oxide [74, 76, 83]. It has been reported that the 
use of a Ce3+ precursor leads to a heterogeneous structure with a Ce-enrichment 
at the surface of the particles [76], whereas a homogeneous CeZr mixed oxide is 
obtained when a Ce4+ precursor is used [74, 83]. Some authors state that this 
behaviour is due to the different precipitation rate of Ce3+ and Ce4+, the 
precipitation of Ce(OH)4 (using Ce4+ precursor) being closer to that of Zr(OH)4 (or 
ZrO(OH )2 depending on the case). Contrary to these findings, Duprez et al. did not 
see any changes when using Ce3+ or Ce4+; however, in their preparation the base 
was added to the precursors’ solution with no control of the pH [80], which could 
have led to different results than those obtained by the authors above.
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Base addition and pH:
Mixed opinions are found in the literature regarding the impact of the way the 
precipitant base is added. Some authors prefer to control the pH between 9-9.5  
during the precipitation, which is believed to help form more homogeneous 
structures [74, 75]. Contrary results are also found in the literature, as seen in the 
study performed by Letichevsky et al. comparing co-precipitations with or without 
control of the pH, where they conclude that no significant differences exist in the 
final structure regarding the base addition6 [83].
Carter et al. found that the pH determines the type of hydrous zirconium in the 
solution, existing as Zr(OH)4 at pH 3 and as ZrO(OH )2 at pH 12 [84]. In their 
studies this had a significant impact on the final particle size of the product, 
obtaining smaller particles at pH 12 than at pH 3; unfortunately no experiments 
were performed with other pH values between this range. Zhao et al. confirmed 
that the pH in which the co-precipitation is performed affects the final pore volume, 
and consequently the surface area. In these experiments, samples precipitated at 
pH 10 showed smaller pore volume than samples precipitated at pH 8.6-9 [82].
Other factors
Agitation levels and starting solution concentration have also been reported to 
affect the particle size of the final solid, however their impact was not that 
significant when compared to the impact of the factors discussed above [84].
The ability to obtain a specific phase in the final product is however difficult to 
control with the preparation method as the formation of a cubic or tetragonal phase 
is mainly dependent on the Ce:Zr molar ratio (CexZri_x02 with x > 0.5 will mainly
6 References [65-66] used NH3 and reference [74] used NH4OH.
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contain cubic phase, whereas with x < 0.5 the tetragonal phase will be formed) 
[44, 80, 81]. In terms of reactivity Thammachart et al. reported that CO conversion 
was considerably higher with cubic-phase samples due to its more reducible 
character compared to tetragonal-phase catalysts; however in their article it is not 
clear if the improvement could also be related to a higher content of the active 
element Ce in the structure [81]. Duprez et al. were able to create a fluorite-type 
structure (tetrahedral), which is more stable, for mixed oxides with high content of 
cerium (x up to 0.9) using a modified sol-gel preparation [80]. It was not however 
possible to achieve this structure when using a co-precipitation method. In 
agreement with Thammachart et al., this group also found higher oxygen mobility 
in the samples with cubic-phase.
1.5.1.1. Co-precipitation of NM«CexZri.x0 2
In most cases the aim is to dope the support with the NM (NM-CexZri.x02) in order 
to decrease the level of sintering of ceria during the high temperature ageing, as 
well as to enhance its reducibility at low temperatures (< 200 °C) due to a higher 
contact between the NM and the ceria [85-87]. The majority of the NM-CexZri_x02 
catalysts are prepared by the microemulsion [85], combustion [88, 89], or the 
co-precipitation methods [86, 90].
Focusing on the co-precipitation method, similarly to the preparation of CexZri_x02 
materials, the parameters of the synthesis need to be chosen carefully as they can 
have a significant impact in the final product [86]. As an example, Huang et al. 
studied the impact of the precipitant base and the temperature during the 
co-precipitation of H2lrCl6 and Ce(NC>3)3. In terms of the precipitant base, from 
Na2C0 3 , urea, and NaOH (adding the precursors to the base solution and without
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controlling the pH), they found NaOH to be the most suitable precipitant base to 
achieve the highest activity for the CO oxidation reaction; once they had chosen 
the precipitant base, they also tried the co-precipitation at 20, 80 and 100 °C, and 
found that the optimum temperature was 80 °C for their application [86].
In the literature only a few studies focus on the impact of the preparation factors 
during the co-precipitation of the NM and the Ce or CeZr, contrary to the 
co-precipitation of CexZri-xC>2 which has been extensively studied.
1.6. Project Motivation
The current approach to create a good metal-ceria interaction has been achieved 
by using common preparation techniques, such as the impregnation method. 
However, due to the continuous drifting towards lower noble metal loadings, this is 
reaching a limit and new techniques to prepare catalysts with extremely low noble 
metal contents (< 0.5 wt% Pd, or Pt, and <0.1 wt% Rh) are necessary. Based on 
this, the objective of this work has been to develop an alternative preparation 
method to disperse low metal loadings on ceria, mostly focusing on Pd-ceria 
catalysts.
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2.1. Catalysis preparation
TWC are traditionally prepared by the impregnation method. However, the 
economic pressure to lower the noble metal content is directing research into 
different preparation techniques, as the common impregnation methods used to 
prepare low noble metal loadings catalysts (<0.5 wt%) can leave the noble metal 
particles so highly dispersed that they can finish fixed in a ionic state which can be 
less reactive due to an over-strong interaction with the ceria [1].
In order to attempt to optimise the metal-Ce02 interaction, the co-precipitation 
method was chosen to prepare noble metal-Ce02, and -CeZr catalysts, with a 
special focus on Pd-Ce02 catalysts. The effect of the ceria precursors (Ce3+ vs 
Ce4+) during the preparation of these catalysts was also studied, using in all cases 
a Pd2+ precursor. In addition, platinum and rhodium catalysts were prepared in a 
similar way using Pt2+ and Rh3+ precursors with the Ce3+ precursor, to study the 
impact of the noble metal.
Table 2-1 summarises the main catalysts prepared for this work. Reference 
catalysts for all samples (not listed here) were also prepared by the wet 
impregnation method.
Table 2-1: Summary of the type of catalysts prepared by the co-precipitation method for this work.
[Pd5++Ce3+]
[Pd2++Ce4t]
[Pd+Ce3*+Zr02]
[Pt2++Ce3*]
[Rh3++Ce3+]
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2.1.1. C o-precip ita tio n  o f the  noble m etal and cerium  
Co-precipitation is considered an inexpensive method, due to its minimal use of 
reactants and simple procedure to synthesise powders with moderate surface area 
[2, 3]. In this method a solution containing the precursors in the desired 
stoichiometric ratio is mixed with a second solution containing the precipitating 
agent. This leads to the precipitation of a mixed solid powder. The product is then 
filtered, dried and calcined.
The main factor that controls the co-precipitation is the inter-particle force, 
meaning that the agglomeration of the particles (thus, precipitation of a solid) will 
be subjected to the rate of particle collision per unit time [4]. One of the main 
causes of collision is the shear force caused by the stirring; if there is a net 
attractive force, commonly due to Van der Waals forces, the particles will bond to 
form agglomerates [4].
Through the years, several authors have studied how the different parameters of 
this preparation can impact the final structure (particle size and distribution, shape, 
and stoichiometry, among others) of the solid solution, such as the type of 
precursors, pH, temperature, cation concentration... [2, 4-6]. From all the 
conditions studied, pH appeared to have the biggest effect on the precipitate 
particle size, with higher pH values leading to lower particle sizes [2, 4, 6 ]. 
Agitation levels and the initial starting solution concentration have also been seen 
to affect the particle size of the final solid, however their impact was not as 
significant [6 ]. It is therefore necessary to choose the co-precipitation parameters 
carefully.
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2.1.1.1. Parameters used in this project for the co-precipitation  
For complete precipitation of the precursors 725 ml of a basic solution of 
demineralised water with 20% excess of NaOH (4M), based on the necessary 
amount for complete precipitation, was added to a 1 L round bottomed flask. A 
condenser was then connected and the solution was refluxed (~102 °C) under 
continuous stirring using a magnetic stirrer at a rate of 700 rpm. Separately, a 
solution was prepared by mixing the desired amounts of precursors [Ce precursor 
+ NM precursor] in 150 ml of demineralised water. Once the basic solution was 
boiling the precursor mixture was added using a peristaltic pump (10 ml min"1). A 
schematic representation of the set up can be found in Figure 2-1. Upon complete 
precipitation the solution was then allowed to cool down to room temperature 
(under stirring), filtered under vacuum, and then washed with warm demineralised 
water (60 °C) until the conductivity was less than 40 pS, to ensure that most of the 
nitrates and Na+ ions were removed. The materials were then dried at 105 °C 
overnight, followed by a calcination at 650 °C for 2 hours.
The majority of the catalysts were prepared using a Ce3+ precursor 
(Ce(N0 3 )3-6 H2 0 ). In addition, in order to study the impact of the cerium-precursor, 
a Ce4+ precursor was also used to prepare a Pd-Ce02 catalyst:
a) Precipitation with Ce(lll) precursor -  Ce(N0 3 )3-6 H20  + Pd(NOs)2
b) Precipitation with Ce(IV) precursor -  Ce(NH4)2(NC>3)6 + Pd(NOs)2
The C e(N 03)3’6H20  and Ce(NH4)2(N03)6 salts were supplied by Alfa Aesar and 
the noble metal solutions Pd(NOs)2 (14.95% Pd assay), Pt(NC>3)4 (15.71% Pt 
assay), and Rh(NC>3)3 (12.85% Rh assay) by Johnson Matthey.
Zirconium was also co-precipitated with Ce3+ and Pd2+ using the same procedure. 
For these preparations, in addition to Ce(N0 3 )3'6 H20  and Pd(NC>3)2 precursors, a
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Z r0 (N 0 3)2 solution supplied by Aldrich was used. The Ce:Zr molar ratio for these 
samples was 1:1.
1  > H2o
H2o —
Boiling
NaOH (aq)
Precursors solution 
NM + Ce
Heating plate 
and stirrer
Figure 2-1: Schematic representation of the set up for the co-precipitation synthesis.
2.1.2. W et im pregnation
The impregnation method is the most commonly used technique to prepare 
catalysts due to its simplicity and low cost; however, it is difficult to control the 
metal particle size and distribution. This method simply consists of soaking a 
porous material with the dissolved precursor, followed by a drying-step and a 
calcination.
The most common precursors used are based on nitrate/nitrite salts, and carbonyl 
complexes: metal chloride salts are normally avoided, as the chloride can be left 
on the support poisoning the catalytic activity [7].
There are two main impregnation methods: incipient wetness or wet impregnation. 
For the incipient wetness impregnation, the precursor’s solution contains enough 
liquid to just fill all the pores of the support without leaving the outside wet. For the 
wet impregnation, there is an excess of liquid which will be eventually removed by
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drying the sample [8]. For the control preparations in this project, the wet 
impregnation method was used.
For this preparation, Ce02 and Ceo.5Zro.5O2 supports were made ‘in house’ by the 
precipitation method and the NM was added by the wet impregnation technique. 
The conditions used were the same as described above in order to have the 
closest materials to the co-precipitated [NM+Ce3+] samples for a better 
comparison. The preparation of these supports is described below.
2 .1 .2 .1 . Ce0 2  and Ceo.5Zro.5O2 preparation
The Ce02 and Ceo.5Zro.5O2 support materials were prepared using the same 
method described in section 2.1.1.1. but using a larger reactor in order to prepare 
larger amounts of sample. For this preparation the reactor capacity was 10 L, and 
the precursor solution ([Ce(NOs)3] or [Ce(N0 3 )3  + ZrO(NOs)2] depending on the 
preparation) was added at a rate of 25 ml min"1. The solution was stirred using an 
electric head stirrer (300 rpm). Filtration, drying, and calcination steps remained 
the same.
2.1.2.2. Nobie metai (NM) impregnation
The required amount of the NM precursor solution was diluted with enough 
demineralised water in order to have a small excess of solution volume (-20%  
excess) to fully fill the pore volume of the support1. The solution was then added 
slowly to the support with the help of a pipette and stirred to achieve maximum
1 The pore volume of the support is calculated by wetting y  grams of the support with x ml of 
demineralised water, until a point where it cannot accept more liquid. The pore volume is then 
calculated by dividing x by y  (PV = x/y).
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homogeneity. The material was then dried at 105 °C overnight followed by a 
calcination in air at 650 °C for 2 hours.
2.2. Characterisation
2.2.1. Bulk characterisation
The bulk characterisation performed in this project refers to that which studies the 
structure and composition of the catalyst overall. For this, X-ray diffraction (XRD) 
and inductively coupled plasma emission spectroscopy (ICP-ES) analyses were 
performed.
The ICP analysis gave information about the composition of the sample, in order 
to determine if the preparation used leads to the required catalyst; whilst XRD, 
gave information about the catalytic structure and presence of dopants. This is 
important, as different structures have different stabilities, and the presence of 
dopants can create a certain level of distortion that can affect the oxygen mobility.
2.2.1.1. X-Ray Diffraction (XRD)2
X-Ray diffraction (XRD) was used to investigate the bulk phases present in the 
sample as X-rays have enough energy to penetrate into the material. The crystal 
structure of a material can be described in terms of its unit cell. The unit cells 
describe the bulk arrangement of atoms of the crystal. This unit cell is given by its 
lattice parameters, which are the length of the cell edges and the angles between 
them. Depending on the symmetry of the crystal, this is classified using the seven 
lattice systems: triclinic, monoclinic, orthorhombic, rhombohedral, tetragonal, 
hexagonal, or cubic (Figure 2-2A).
2 Analyses performed by Dr Hoi Jobson (jobsoh@matthey.com) and Dr Edward Bilbe 
(BilbeEOI @matthey.com)
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X-rays are elastically scattered by electrons. When an X-ray beam hits an atom, 
the electrons around the atom start to oscillate with the same frequency as the 
incoming beam. As the atoms in a crystal are arranged in a regular pattern, the 
waves will be in phase and there will be well defined X-ray beams leaving the 
sample at various directions (Figure 2-3). Hence, a diffracted beam may be 
described as a beam composed of a large number of scattered rays mutually 
reinforcing one another.
Due to the complexity of the model this is considered as X-ray reflections from a 
series of parallel planes inside the crystal. The orientation and interplanar 
spacings of these planes are defined by h, k, I called Miller indices. A given set of 
planes with indices h, k, I cut the a axis of the unit cell in h sections, the b axis in k 
sections and the c axis in I sections. A zero indicates that the planes are parallel to 
the corresponding axis (Figure 2-2B).
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Figure 2-2: A) Summary of the lattice systems (from [9]). B) Graphical representation of the planes
inside a crystal.
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The angle that the X-rays form with the crystal planes when leaving the sample
allows the lattice parameter to be calculated using Bragg’s law (2-1) (see
Figure 2-3 for a graphical representation):
n A - 2d sin 9 (2_1)
where A wavelength of the X-rays (nm)
d  distance between two atomic planes in the crystalline phase 
(nm)
n order of the diffraction.
9 incoming diffraction angle.
d s in 0
Figure 2-3: Schematic representation of Bragg’s diffraction. Two X-rays with identical wavelength (A) 
hit two different atoms in a crystal and are then scattered off. The lower beam traverses an extra 
length of 2dsin6. When this length is equal to an integer multiple of the wavelength of the radiation
(nA), constructive interference occurs.
The diffraction pattern obtained can be matched against a library of standards to 
identify the phases present [10].
The crystallite size was calculated using the Rietveld method [11]. This technique 
consists in minimising the function M (2-2), which analyses the difference between 
the calculated diffraction pattern and the observed data:
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Where y,obs
y falc
W i
observed peak profiles 
calculated peak profiles 
statistical weight 
scale factor such as y331 = cyobsc
By combining mathematical methods and chemical data a model of the examined 
molecules was then elaborated, which allowed obtaining information about their 
atomic connectivity, bond distances and angles. Using these parameters it was 
then possible to calculate the crystallite size.
The powder XRD experiments were performed on a Bruker AXS D8 diffractometer 
employing Ni filtered Cu Ka radiation (40 kV, 40 mA) and a Lynxeye PSD detector. 
The X-ray powder diffractogram was recorded at 0.02 0 intervals in the range of 
10 0 < 20 < 130 °. The crystallite size was calculated by Rietveld analysis fitting 
technique (nm, LVol-IB method). ICDD (International Centre for Diffraction Data) 
PDF diffraction patterns were used to assign phase identification (PDF2- 
Diffraction Database File, 2003).
2.2.1.2. Inductively Coupled Plasma Emission Spectroscopy (ICP-ES)3 
Inductively Coupled Plasma Emission Spectroscopy was used to measure 
element concentrations, as well as any Na residue possibly present from the 
preparation. In ICP-ES experiments the sample is sprayed into the inductively 
coupled plasma where it interacts with the charged ions that compose the plasma. 
The sample is then ionised into excited ions that radiate at specific wavelengths 
for each element involved, which allows their quantification.
The sample was prepared by dissolving 50 mg in a solution containing 6 ml 
H2SO4, 2 ml HNO3, and 2 ml of HCI in a microwave digestion system (Anton Paar
3 Analyses performed by Matt Gregory (gregom@matthey.com), Ian Briggs (briggi@matthey.com), 
and Paul Fisher (pafisher@matthey.com)
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Multiwave 3000). The mixture was then heated at ~ 200 °C in a sealed system. 
The ICP-ES analyses were performed in Argon plasma (temperature up to 
10000 °C), which was maintained by passing 1 kW of radiofrequency energy 
through a coil wrapped round a torch carrying argon gas.
2.2.2. BET-Specific Surface Area4
The specific surface area was calculated by the BET method, based on the 
physisorption of nitrogen at sub-ambient temperature (at 77 K, the boiling 
temperature of liquid nitrogen).
Stephen Brunauer, Paul Hugh Emmett, and Edward Teller (BET) developed this 
theory using Langmuir’s theory as a base. Langmuir’s theory is based on 
monolayer molecular adsorption, while the BET theory is based on a multilayer 
gas adsorption. For the BET theory the following hypothesis need to be assumed
• The adsorbent surface is homogeneous.
•  There are no lateral interactions between the adsorbant molecules.
•  Gas molecules physically adsorb infinitely as layers on a solid.
•  At equilibrium the rate of adsorption is equal to the rate of desorption.
The resulting equation from this theory can be found below (2-3) [12, 13]. This 
equation can be represented as a linear regression (y = c + mx) (Figure 2-4):
[12, 13]:
[Po
y
(2-3)
c + m ■ x
4 For more details about BET see Appendix 1.
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where V amount of gas adsorbed (volume units)
Vm amount of gas adsorbed on the monolayer (volume units)
P equilibrium pressure of adsorbate at the temperature of
adsorption (pressure units)
P0 saturation pressure of adsorbate at the temperature of
adsorption (pressure units)
C BET constant
Using the slope (m) and y-interception (c) values it is possible to calculate the 
monolayer adsorbed gas quantity ( Vm) and the BET constant (C). With this, is then 
possible to calculate the total surface area (Stotai) and the specific surface area 
(SSA or Sbet) using the following equations (2-4 and 2-5):
Vm N  ^s 
~MVStotal ~  M ]/ (2-4)
cr _  J total /n  r-\
•“>BET — “
where Stotai total surface area (m2)
S b e t  specific surface area (m2 g'1)
Vm amount of gas adsorbed on the monolayer (m3)
Na Avogadro's number (6.022x1023 mol'1)
s adsorption cross section of the adsorbing species
(for N2 = 16.2x1 O'20 m2 molecule)
MV  molar volume of adsorbate gas (for N2 = 22.4x1 O'3 m3 mol'1) 
a mass of adsorbent (g)
The N2 adsorption was performed at 77 K using an Autosorb-1 analyser from 
Quantachrome. Prior to the analysis the samples were outgassed at 350 °C to 
remove any moisture or unwanted adsorbed species that may have been present 
on the surface.
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Figure 2-4: Example of BET plot.
2.2.3. Surface characterisation
Surface characterisation is performed in order to quantify the number of active 
sites, as well as to understand their nature and any possible interaction with the 
support, as this will affect their reactivity.
For the quantification of active sites CO chemisorption, EtOH-TPSR and ethane 
hydrogenolysis (these last two described in Chapter 3, as they involved 
development work as part of the research project) were performed. XPS was also 
performed to study the level of interaction of the noble metal with the ceria.
2.2.3.1. X-ray Photoelectron Spectroscopy (XPS)5
XPS was used to characterise the surface of the sample, as this technique 
provides information on the elemental composition, and on the oxidation state of 
the elements.
5 Analysis performed by Dr Richard Smith (rsmith@matthey.com) and Dr Tugce Eralp 
(eral pt@matthey.com).
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The theory of XPS is based on the photoelectric effect; when an atom absorbs 
energy (ho) from electromagnetic radiation from a light of sufficiently small 
wavelength and high frequency (in XPS this is X-rays) it emits electrons 
(Figure 2-5).
Photoelectron
Vacuum
Fermi
2p
2s
1s
Figure 2-5: Schematic representation of the photoelectric effect.
The electrons emitted are known as photoelectrons, and their energy is calculated 
using equation 2-6 [10]. The depth of the XPS analysis varies between 1.5 and 
6 nm, depending on the kinetic energy of these photoelectrons.
Ek -  ho -  Eb -  cp (2-6)
Where Ek kinetic energy of the photoelectron (eV) 
h Planck’s constant (4.136x1 O'15 eV s)
o frequency of the exciting radiation (Hz)
Eb binding energy of the photoelectron with respect to the Fermi
level of the sample (eV) 
cp work function6 of the spectrometer (eV)
In addition, when the vacancy is filled with an electron from a higher orbital, there 
is a release of energy. This can be in the form of an emitted photon or this energy
6 Work function is the minimum energy needed to remove an electron from a solid to a point 
immediately outside the solid surface (or energy needed to move an electron from the Fermi level 
into vacuum).
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can be transferred to another electron which will be then ejected from the atom. 
This second electron is known as an Auger electron and carries the energy equal 
to the difference in the orbitals. Auger electrons are independent of the X-ray 
photon energy, but their peak positions depend on the X-ray source [10].
The measurements taken from XPS are the intensity of photoelectrons N(E) as a 
function of their kinetic energy (Ek). However, the spectrum is usually a plot of 
N(E) versus the binding energy (Eb), as the binding energy is element-specific. 
The peaks are labelled according to the quantum numbers of the level from which 
the electron originates. An electron with orbital momentum I (0 - s, 1 - p, 2 - d, 3 - f) 
and spin momentum s (+1/2 or -1/2) has a total momentum j  = I + s [10]. This is 
represented in Table 2-2:
The position of the binding energy peaks provides information about the oxidation 
state. In general, the binding energy increases with increasing oxidation state (due 
to a higher attractive force from the nucleus as a consequence of the valence 
electrons), and for a fixed oxidation state this increases with the electronegativity 
of the ligands. However, there are exceptions to this rule as in the case of alkali 
metals [10].
Table 2-2: Nomenclature used in XPS.
n 1 j X-ray level Electron level
1 0 1/2 K 1s
2 0 1/2 L1 2s
2 1 1/2 L2 2p1/2
2 1 3/2 L3 2P3/2
3 0 1/2 M1 3s
3 1 1/2 M2 3P1/2
3 1 3/2 M3 3P3/2
3 2 3/2 M4 3d 3/2
3 2 5/2 M5 3d 5/2
4 3 5/2 N6 4f5/2
4 3 7/2 N7 4f7/2
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XPS analyses were performed in an ESCALAB 250. The samples were dusted 
onto carbon tape and thereby attached to a sample stub. The exciting radiation 
used in the studies was monochromatised aluminium Ka radiation in a 650 pm 
spot at 170 W  power. Charge compensation was activated, provided by (i) the 
in-lens flood gun at a 2 eV setting and (ii) the 401 argon ion flood source at a "zero 
energy" setting. Energy scales were corrected to the carbon 1s binding energy 
(284.8 eV). Because of the overlapping signals of carbon 1s and cerium 4s, 
qualification and the quantification of the carbon signal was subject to error. The 
data was processed using the Thermo Avantage v5.52 software. The 
photoelectron peaks were analysed by the Gaussian/Lorentzian peak fitting, 
introducing parameter constrains to restrict the full width at half maximum (FWHM) 
and relative intensities of the peaks.
2.2.3.2. CO-chemisorption
CO pulse chemisorption is one of the most used techniques to measure metal 
dispersion7 and metal surface area. A molecule or atom is said to be chemisorbed 
when the binding forces created between the adsorbed species and the surface 
species are as strong as those corresponding to covalent, ionic or polar bonds 
(AHads = 50-200 kJ mol'1) [14, 15]. This occurs as a monolayer and it is assumed 
that it adsorbs non-reversibly. It is important not to confuse chemisorption with 
physisorption; for the latter, the species are bonded by Van der Waals forces, 
which are significantly weaker (AHadS < 40 kJ mol'1). The physisorption process 
can occur as multilayers and it is a reversible isothermic process [15]. CO 
chemisorption is selective to the metallic sites and does not adsorb on the support
7 Metal dispersion = number of surface atoms/total number of atoms.
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when this is a non-reducible oxide (i.e. silica or alumina), as CO adsorption energy 
is not high enough on these materials for it to chemisorb [16, 17].
To measure metal dispersion using this method, a probe molecule (e.g. CO) is 
added to a pre-reduced sample and the adsorption of this probe molecule is 
quantified. There are typically three different chemisorption conformations: linear, 
bridge, and twin type (see Figure 2-6) [18]. Linear adsorption occurs when one CO 
molecule adsorbs on one metal site (CO/M stoichiometry 1), bridge type when one 
CO molecule adsorbs on two metal sites (CO/M stoichiometry 0.5), and twin type 
when two CO molecules adsorb on one metal site (CO/M stoichiometry 2). The 
type of adsorption depends on the gas, the metal, and its surface. The CO 
adsorption stoichiometry is still not completely defined, but work reported in the 
literature have suggested an average CO/Pd stoichiometry8 of 0.5 [19], CO/Pt of 
0.5-1 [20], and CO/Rh of 2 [21].
0  O O O
C C C C
1 A V
M M M  M
Linear Bridge Twin
Figure 2-6: Typical chemisorption conformations.
When performing this measurement on a ceria-based material some CO  
adsorption can also occur at the interface of the metal-ceria, giving higher 
dispersion values [22]. In this work all the materials were ceria-based; for this 
reason this measurement has only been taken for comparative purposes.
8 Stoichiometry calculated when the metals were supported on Al20 3.
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The metal dispersion was measured using a Micromeritics Autochem II instrument. 
Approximately 0.3 g of powder sample was placed in a quartz reactor. The sample 
was then pre-treated at 300 °C for 30 min under a flow of hydrogen in order to 
clean the surface of any undesired adsorbed species (i.e. atmospheric H2O or 
CO2), and to reduce the surface metallic species. After the pre-treatment the 
sample was cooled to room temperature under a flow of He and then dosed with 
pulses of CO. The CO signal was monitored using a thermal conductivity detector 
(TCD). Initial CO pulses lead to small peaks as CO is chemisorbed on the metallic 
sites; the following peaks gradually increase with each dose until the pulse area 
becomes stable due to the saturation of all the available metallic sites. The peak 
area under the last peak corresponds to the total volume of the loop ( V/00p), as no 
further gas is being adsorbed. With this and the integration of the peaks from the 
pulses (Vpuise) it will be then possible to calculate the total volume of gas adsorbed 
(X Vadsorbed in each puise) (equation 2-7).
The pulses are repeated until the volume of gas adsorbed is zero (saturation). The 
sum of the volume adsorbed from each of the pulses will correspond to the total 
amount of gas adsorbed. If the CO/M stoichiometry is known, then it is possible to 
calculate the number of surface metal atoms (2-8) [23].
in eachpulse ~  Z i \vloop (2-7)
(2-8)
where Nads 
N CO ads
S F
number of exposed metal atoms found by adsorption 
number of adsorbed CO atoms 
CO/M stoichiometry factor
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The dispersion (5) is calculated from (2-9):
6 (%) =  MW  ■ ( ^ : ~y^oie) • 100 (2-9)
Where 8  percent dispersion
M W  molecular weight (g mole'1)
Vs volume adsorbed at standard temperature and pressure (cm3)
SF CO/M stoichiometry factor
Wt mass of sample (g)
Vmoie volume of a mole at standard temperature and pressure 
(22414 cm3 mole'1)
To calculate the metal surface area (m2 g'1 sample) equation 2-10 is used:
Metal surface area =  ~ -ds ^ meCaf (2-10)
where Nads number of exposed metal atoms found by adsorption 
Ametai area of metal atom in sample (m2)
Wt mass of sample (g)
An average metal particle size can also be calculated using the equation below 
(2-11). For simplification it has been assumed that the metallic particles are 
spherical and that the adsorption stoichiometry obtained for all the metals is CO/M  
= 1 [24].
i  _
Pmetal^A  ^ (2-11)
Where d  average metal particle size (nm)
8  metal dispersion
M  atomic weight (g mol-1)
Psurf metal surface site density (atoms nm'2) 
pmetai metal density (g nm"3)
Na Avogadro's number (6.022x1023 mol'1)
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2.2.4. R edox characterisation
The redox properties of ceria are what make its use so important. Therefore the 
study of these is of great importance.
In order to study the reducibility of the catalyst, H2-TPR and CO-TPR were 
performed. In addition, oxygen-storage capacity tests were undertaken to study 
the total capacity of the catalysts to uptake and release oxygen.
2.2.4.1. Temperature Programmed Reduction (H2-TPR and CO-TPR)
TPR experiments were performed to study the reducibility of the samples. In 
temperature-programmed reaction methods a reductant is used to reduce oxide in 
the sample. This reduction reaction is monitored while the temperature is 
increased linearly over time.
h 2-t p r
The reduction of a metal oxide by H2 is described below:
2 C e 0 2 + H2 —► Ce20 3  + H20  (2-12)
H2-TPR analyses were carried out on an instrument equipped with a thermal 
conductivity detector (TCD). 30 ml min'1 of 10%H2/N2 were passed through 0.2 g 
of sample at ambient temperature until the baseline remained unchanged. The 
sample was then heated at a rate of 10 °C min"1 from ambient temperature to 
900 °C.
CO-TPR
CO is a better probe molecule to study the surface reactions due to a lower
spillover9 effect than H2 [25]. During this process CO is consumed to form C 0 2 and
H2. H2 is formed due to the water gas-shift reaction between CO and hydroxyls on
9 Spillover occurs for example when H2 dissociates on a catalytic active site (i.e. noble metal) and 
some of these dissociated H-atoms diffuse onto the support.
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the support (reaction 2-13). C 0 2 can also be formed from the water gas-shift 
reaction (reaction 2-14), from the reduction of reducible species (reactions 2-15,
2-16), or from the disproportionation10 of CO (reaction 2-17).
CO(ads) *  2 0 H  (support) *  C0 2(g) + H2(g) + 0 2 (support) (2- 13)
CO + H20  —► C 0 2 + H2 (2-14)
CO + 2 C e 0 2 -► C 0 2 + Ce20 3 (2-15)
CO + PdO — C 0 2 + Pd (2-16)
2CO — C 0 2 + C (2-17)
CO-TPR analyses were performed in a Micromeritics Autochem II. Approximately 
0.2 g of powder sample was placed in a quartz reactor. In order to clean the 
surface of any undesired adsorbed species (i.e. atmospheric H20  or C 0 2) that 
could interact with the results of the reaction, the sample was first pre-treated 
under continuous flow of He ramping from room temperature to 500 °C at 10 °C 
min"1. The sample was then cooled down under 5 % 0 2/He to 30 °C to ensure 
complete oxidation of the species. Following this, the sample was exposed to 
10%CO/He; when a stable baseline was achieved, the sample was then heated at 
a rate of 10 °C min'1 from 30 °C to 800 °C. The reaction was monitored using a 
TCD and a mass spectrometer.
2.2.4.2. Oxygen Storage Capacity (OSC)
Oxygen Storage Capacity (OSC) is a key property of TWCs. Under fuel rich 
condition (excess of reductants) the stored oxygen can be used for oxidation of
10 Disproportionation reaction occurs as a consequence of the reorganisation of the atoms of a 
molecule that leads to two different products, typically involving two redox processes (same 
molecule reducing and oxidising simultaneously). The re-organisation of atoms can occur upon 
heating or changing pressure.
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CO and HC while under lean conditions (excess of oxidants) re-oxidation of the 
OSC component allows reduction of NOx.
CO+ 2 C e 0 2 CO2 + Ce20 3 (2-18)
14 0 2+ 2Ce20 3 ^  C e02 (2-19)
NO+ 2Ce20 3 ^  'A N2 + C e 0 2 (2-20)
CO + NO ^  C 0 2 + % N2 (2-21)
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Figure 2-7: Oxygen migration process during rich treatment (CO/Ar/He), and reoxidation during lean 
treatment (0 2 /Ar/He) after O2 depletion (from [26]). The CO reacts with Ce0 2  reducing it to Ce2 0 3  and 
using the oxygen to form CO2 ; then, O2 fills the vacancies created during the rich treatment by
reoxidising the Ce2 0 3  again to Ce0 2 .
OSC is promoted by NM especially Pd and Rh. At low temperatures (100 -  
300 °C) oxygen is typically removed from the surface but at higher temperatures 
(> 300 °C) oxygen migration through the bulk ceria-zirconia becomes important. 
Figure 2-7 shows a mechanism of this oxygen migration.
OSC is determined by exposing the sample to alternate lean and rich gas mixtures 
and measuring the time taken between the CO2 formation and the time where the 
CO signal appears, following a switch from oxidising to reducing conditions.
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A test was designed to study the total oxygen that the samples could store during 
oxidative conditions and release during reducing conditions. Approximately 
0.1-0.2 g (accurately weighed, amount dependent on expected OSC of sample) of 
250-355 pm pelletised sample was placed in the centre of a quartz tube, held in 
position with quartz wool. The tube was introduced into the micro reactor 
connected to a mass spectrometer. The sample was then programmed to be 
cycled between oxidising (10 ml min'1 of 5 %0 2 /He) and reducing conditions 
(10 ml min"1 of 10 %CO/He), using He as a carrier gas 90 ml min'1. The cycling 
was performed at a rate of two redox cycles per 1000 seconds (shown in 
Figure 2-8) and the mass spectrometer data was collected over three completed 
cycles (25 minutes). The data from the final cycle was analysed (Excel 
spreadsheet) in order to determine the OSC.
The OSC was determined from the time between C 0 2 and CO breakthroughs and 
expressed in pmol O g sample'1.
Variable temperature OSC measurements have been carried out on experimental 
samples within the range 200-500 °C.
(2-22)
(2-23)
where t  time for the CO to breakthrough (s)
Wt sample weight (g)
A conversion factor (pmol O s'1)
Qco CO flow (ml s'1)
V r t  Molar volume of an ideal gas at RT (24-10+3 ml mol'1)
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Figure 2-8: Signals from the mass-spectrometer corresponding to the concentration of CO, CO2, O2 
and H20  during the OSC test. The time between CO2 and CO breakthroughs of the 3rd cycle is used for
the calculation of the OSC.
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2.2.5. Kinetic characterisation
TWC typically perform under rapidly fast oscillations between rich and lean 
conditions. Therefore, under rich conditions the catalyst is required to release 
oxygen, and under lean conditions to uptake oxygen. Thus, the oxygen capacity is 
of great importance, but as the oscillations occur very fast, high reaction rates are 
also required.
For this project, the CO oxidation reaction was studied using the steady-state 
isotopic transient kinetics analysis (SSITKA) described below.
2.2.5.1. Steady-State Isotopic Transient Kinetics Analysis (SSITKA)
SSITKA was used to study the kinetics of the CO oxidation reaction (CO-SSITKA) 
over the different catalysts. This technique enables the simultaneous quantification 
of the number of active catalytic sites on the catalyst and the activity of these 
catalytic sites under in-situ conditions.
This method is based on the monitoring of the reactant species in the reactor feed 
during a switch in which one of the reactants is switched to its isotopic labelled 
equivalent (i.e. 12CO is switched to 13CO). To maintain isothermal and isobaric 
reaction conditions, all the gas concentrations and flows need to remain 
undisturbed during the step change. As the gas reactants will be the same, the 
intermediates formed will not change, and this allows the steady-state kinetic 
behaviour of the surface of the catalyst to be studied [27]. See Figure 2-9 for a 
graphical representation of this process:
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Figure 2-9: Graphical example of the profiles obtained during SSITKA experiments.
Consider CO oxidation where CO is reversibly adsorbed on the catalyst and no
re-adsorption of C 0 2 occurs:
CO(g) ^  CO(ads) (2-24)
02(g) —► 20(ads) (2-25)
CO(ads) "*■ O(ads) > C02(ads) (2-26)
C02(ads) —► C02(g) (2-27)
To monitor the kinetics of this reaction the gas feed will contain 12CO, O2, an Ar 
tracer, and He carrier gas. The reactant concentrations and temperature are set to 
generate 12C02 at a known rate. After a certain period 12CO will be switched for 
13CO. This switch will lead to a decay in the concentration of 12CO and an increase 
in the concentration of 13CO, with similar changes also observed for 12C 02 and
13c o 2.
During this switch, the decay of the 12CO concentration will give information about 
the rate of CO desorption, and the decay of the 12C02 concentration about the rate 
of reaction. Similarly, the area under the C 02 curve (less the area under the Ar 
curve) gives the number of intermediates on the catalyst surface going to products
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(in the absence of readsorption of C 0 2), while the area under the CO curve (less 
the area under the Ar curve) gives the number of CO molecules adsorbed on the 
surface (which may or may not be on active sites capable of turning them into 
product).
The reaction rate (r) gives information on how fast the sample can perform the 
reaction under the specific conditions (reactants concentration, temperature...); the 
turnover frequency (TOF) gives information about the generation rate of product 
(C 0 2 in this case) per catalyst-surface site. Ideally, these measurements should be 
run at a temperature where the CO conversion is less than 10% to ensure that the 
reaction is kinetically and not diffusion controlled.
Reaction order and rate constant (k)
For the calculation of the reaction order experimentally, CO-SSITKA experiments 
were run at constant temperature using different [C 0]:[02] ratios. To calculate the 
reaction order with respect to [CO], the [0 2] was left constant and the [CO] was 
varied; the opposite was done to calculate the reaction order with respect to the 
[02].
Assuming A + B —> C, the equation to calculate the reaction rate can be written as 
(2-28):
r  — k[A]a[B]b (2-28)
where r  reaction rate (mols s’1)
k  the rate constant (units depending on reaction order)
[A] and [B] concentration of the reactants (M)
a and b the respective reaction orders
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As the reaction rate is proportional to [A]a[B]b, if one of the concentrations is kept 
constant (i.e. [B]) then r  is proportional to [A]a and therefore ln(r) will be 
proportional to aln([A]). A straight line (y = c + mx) is obtained when representing 
ln(r) against ln([A]), the slope of which will correspond to the reaction order 
(a = ln(r)/ln([A])) (equation 2-29). Once all the reaction orders have been 
determined, it is then possible to calculate k, the units of which will depend on the 
order of reaction.
ln (r) =  In(fc) +  b * \n( [B]) + a • In ([A]) (2-29)
y = c + m • x
Activation Energy (Ea)
The activation energy is calculated by the Arrhenius equation (2-30):
k = A e ^ r  (2-30)
where k rate constant (units depend on order of reaction)
A pre-exponential factor (same units as the rate constant)
Ea activation Energy (J mol-1)
R universal gas constant (8.314 J mol-1 K-1)
T temperature (K)
Similarly, to calculate Ea experimentally, it is necessary to plot a graphical 
representation of this equation in the naperian logarithmic form to obtain a straight 
line (y = c + mx) (equation 2-30):
Ea 1
ln(fc) = in(A) - - j f f  (2_31)
y = c + m ■ x
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In this case, the slope (m) of the line corresponds to (-Ee/R). As R is a constant, 
the value of Ea can then be calculated.
2.3. Activity testing
The activity of these catalysts was measured under two different conditions: 
cold-start, and perturbed conditions. Cold-start conditions represent those seen by 
the catalyst during an engine start up, whilst the perturbed conditions represent 
those to which the catalyst is exposed during driving conditions.
2.3.1. C o ld -start ligh t-o ff perform ance
The test used was designed based on the first few seconds of the start of a 
gasoline engine. During this time, the catalyst is exposed to low temperatures, as 
it has to warm up from ambient temperature to 400 -  500 °C. During this period of 
time, higher levels of pollutants are emitted due to the poor conversion that TWC 
show in this range of temperature.
The gas mix used in this test is shown below and is based on the conditions used 
at the 30 seconds point of an engine test performed at Johnson Matthey 
(Table 2-3). In those 30 seconds, the catalyst is heated from 0 to 350 °C.
Table 2-3: gas composition during cold-start conditions.
n 2 carrier
C 3 H 8 833 ppm
c 3 h 6 1666 ppm
C O 1 %
c o 2 14%
N O 300 ppm
0 2 0.95 %
H 2 0 5 %
h 2 0.33 %
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The sample taken was 0.4 g (0.2 g sample + 0 .2  g cordierite11) and the gas flow 
rate 2 L min'1. The catalyst was heated using a ramp rate of 10 °C min' 1 from 100 
to 400 °C. The composition of the gas mixture was monitored using FTIR 
(MKS2030). Two ramps using identical conditions were tested to follow any type of 
activation. The results are typically represented as conversion of CO, 
hydrocarbons (C3H8 + C3H6), and NOx (NO + NO2) against temperature.
100
Conversion at 350 °C
co T50
30 H
100 150 200 250 300 350 400 450 500
Temperature I °C
Figure 2-10: Example of the profile obtained for hydrocarbon (HC) conversion against temperature, 
during a light-off test. Typically, the data is represented as T50 values (temperature for 50 %
conversion) or conversion at 350 °C.
2.3.2. Perturbed activity test
This test is designed to mimic the real conditions to which the catalyst is exposed 
during driving cycles. Under realistic conditions lambda12 is not always constant, 
and usually fluctuates around the stoichiometric point (A = 1). It is at this point that 
the OSC of the catalyst is used, helping to minimise the fluctuations around A = 1 
and to increase the conversion of the pollutants.
11 Low-thermal-expansion ceramic material that is used as washcoat support. This material has a 
composition of (Mg.Fe^A^SisAIOis).
12 The A/F ratio can be also expressed as lambda (A), which is the ratio between the actual A/F 
ratio and the stoichiometric A/F ratio. Therefore, at stoichiometric conditions A = 1.
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The test was performed switching between rich (excess of reductant) and lean 
(excess of oxidant) lambdas during a temperature ramp. Two different light-off 
conditions were used at a) rich average lambda ArjCh = 0.99 ± 0.05, and b) lean 
average lambda Aiean = 101 ± 0.05, at a frequency of 3 seconds between gas 
perturbations (3 s rich - 3 s  lean):
The gas composition at each A value is given in Table 2-4:
Table 2-4: Gas composition used in the perturbed activity test. During the temperature ramp the gas 
mixture is switching between lean and rich conditions.
n 2 balance balance
c 3h 8 333 ppm 333 ppm
c 3h 6 666 ppm 666 ppm
CO 0.73 % 2.2 %
co2 14% 14%
NO 2200 ppm 2200 ppm
0 2
a) 0.65 % a) 1.56 %
b)1.04 % b) 1.92 %
h 2o 5 % 5 %
h 2 0.24 % 0.73 %
The sample size taken was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow 
rate 5 L min'1. The catalyst was heated using a ramp rate of 10 °C min'1 from 110 
to 500 °C. The composition of the gas mixture was monitored using FTIR. The 
results were represented as conversion of CO, THC (C3H8 + C3H6), and NOx 
(NO + N 02) against temperature.
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Figure 2-11: Schematic representation of the lambda variations during a perturbed light-off. For the 
first light-off at average rich lambda 0.99 (blue) the switches occur between 0.94 and 1.04 lambdas; for 
the second light-off at average lean lambda 1.01 (orange) the switches occur between lambdas 0.96 
and 1.06. Each switch happens every 3 seconds while the catalyst is ramp from 110 °C to 500 °C at
10 °C min'1.
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3. Probe reactions for the surface characterisation of Pd, Pt and 
Rh
The basic composition of the TWC catalyst has evolved over the last 25 years. 
The improvements achieved have allowed researchers to lower the loading of the 
precious metals significantly while improving the thermal stability of the catalyst. 
Whilst this is cost beneficial, the low loadings used can make them undetectable 
for many of the common analytical techniques in use, such as XPS or XRD.
In addition, TWC are composed of multiple metals, and the selective 
characterisation of each of these metals also adds an extra complication. For 
example, CO chemisorption can be used for samples with very low noble metal 
loadings, but it cannot differentiate between them. Moreover, this technique is 
unsuitable to measure metal surface areas and metal dispersions of ceria 
containing catalysts (such as TWC), as CO also adsorbs at the interface between 
the metal and the ceria [1, 2]. Ceria is also a problem when using TEM; due to 
similar atomic masses of Ce and some of the noble metals (i.e. Pd and Rh) there 
is not enough contrast to detect the noble metal particles [3].
Figure 3-1 summarises the issues found for the characterisation of low Pd loadings 
on ceria-based supports when using some of the common characterisation 
techniques.
As a consequence probe reactions are starting to be more commonly used for the 
characterisation of surface active sites. For example, ethane hydrogenolysis has 
been used to study Rh surface area [4, 5], methanol oxidation has been used to 
study structural and chemical properties of mixed oxides [6], and chloromethane 
has been used for zeolites to study their Bronsted acidity [7].
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Figure 3-1: Examples of issues found during the characterisation of low Pd loadings supported on 
ceria-based materials when using common characterisation techniques, such as XRD, TEM or CO
chemisorption.
As an exam ple, TEM is one of the m ost com m on techn iques to obtain particle 
sizes. However, TEM cannot be used to obtain an average Pd partic le  size fo r Pd 
supported on Ce-based materials, as the contrast obtained between Pd and Ce in 
TEM im ages is h ighly sim ilar and the metal partic les cannot be detected 
(F igure 3-2 -  A). In contrast, Pd supported on AI2O3 can be eas ily  detected in TEM  
im ages (F igure 3-2 -  B).
V *\v- - it-- .
Pd r m r .
Figure 3-2: TEM images of 2Pd/CeZr (A) and 2 Pd/Al2 0 3  (B) samples, calcined at 950 °C for 4 h.
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3.1. Ethanol Temperature Programmed Surface Reaction (EtOH- 
TPSR) for Pd surface characterisation
In this project an ethanol temperature programmed surface reaction (EtOH-TPSR) 
has been evaluated as a possible tool to selectively characterise the palladium in 
the prepared catalysts. EtOH is commonly used in steam reforming for the 
production of H2 for fuel cell applications [8-12]. Depending on the reaction 
conditions and metals used, EtOH steam reforming can lead to a wide number of 
by-products, such as acetaldehyde, methane, ethylene or CO among others 
[13-15]. In the literature it is reported that the formation of these by-products is 
strongly related to the nature of the metal and the support [16, 17]. For example, 
for a series of ceria-supported catalysts, Mattos et a!, found that at 300 °C a 
Pd/Ce02 catalyst had greater selectivity to form CH4 in comparison to a Pt/Ce02 
and a Co/Ce02 catalyst, which both mostly formed acetaldehyde [14]. Similarly 
Silva et al. studied the product selectivity of a Rh/Ce02 catalyst at 500 °C, showing 
in this case that there was no significant CH4 formation [18].
Based on these studies, the aim of this work was to perform EtOH-TPSR to 
monitor the product selectivity of EtOH on Pd/CeZr, Rh/CeZr and Pd-Rh/CeZr 
catalysts, to develop a new characterisation tool for the selective surface 
quantification of Pd.
3.1.1. Experim ental
3.1.1.1. Catalysis preparation fo r the developm ent o f th is  technique 
Two different sets of catalysts were prepared:
a) The first set was based on Pd/CeZr and Pd-Rh/CeZr catalysts for the 
development of the EtOH-TPSR technique.
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b) The second set was based on Pd/Al20 3 catalysts used to build a calibration 
curve that correlates the EtOH-TPSR results with Pd surface area. 
Al2 0 3-based catalysts were needed in order to quantify Pd surface area 
using CO chemisorption without any risk of having extra CO chemisorbed 
at the interface between the metal and the support, as this does not occur 
in alumina-supported catalysts (contrary to ceria-supported) [1].
For the first set of catalysts the support used was a stabilised Zr-rich CeZr mixed 
oxide supplied by Rhodia, and for the second set y-Al2 0 3 supplied by Sasol. 
Pd(N03)2 (assay 14.95%) and R h(N03)3 (assay 12.85%) solutions, supplied by 
Johnson Matthey, were used for Pd and Rh impregnations.
a) Catalysts fo r the EtOH-TPSR developm ent
A series of xPd/CeZr and xPd-0.2wt%Rh/CeZr catalysts with several Pd loadings 
(x = 0, 0.2, 0.5, 0.75, 1 wt%) were prepared to evaluate if Pd-surface area could 
be directly correlated with the amount of CH4 being formed during the EtOH-TPSR  
method. These catalysts were prepared by wet impregnation using aqueous 
solutions of Pd(N03)2 and R h(N03)3 on a CeZr support. For the bimetallic 
preparations, Rh was impregnated first and Pd second with a drying step in 
between additions. The catalysts were then dried in air at 105 °C and calcined at 
500 °C for 2h. Following this, the catalysts were submitted to a high temperature 
ageing at 1100 °C in air for 24 hours.
b) Catalysts fo r  the ca lib ra tion curve
In order to build a calibration curve to correlate the Pd-surface area with the CH4 
formed during the EtOH-TPSR, it was necessary to prepare a series of Pd-Al20 3 
catalysts. For this work, xPd/Al2 0 3 catalysts with different Pd loadings (x = 0.5,
0.8, 0.9, 1, 2 wt%) were prepared by the wet impregnation technique described 
above. After calcination at 500 °C, half of the catalysts was submitted to an
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additional calcination at higher temperature (900 °C/40 h) with the aim of obtaining 
further Pd-surface areas.
3.1.1.2. Ethanol temperature programmed surface reaction (EtOH-TPSR)
To perform this test the sample was first pre-treated under oxygen at 300 °C for 30 
min using 1.2% O2 in N2 (total gas flow rate of 2 L min'1) in order to clean the 
surface of adsorbed atmospheric H2O and carbonates, as well as to assure the 
complete oxidation of the metal. The sample was then cooled to 70 °C under the 
same oxidative gas mixture. After the pre-treatment the sample was exposed to a 
constant flow of 2 L min"1 containing 700 ppm of EtOH in N2, followed by a 
temperature ramp to 450 °C at 10 °C min'1. The reaction was monitored using 
FTIR spectroscopy. All products were quantified by integrating the area under the 
curve only up to 300 °C to avoid any interference from any possible thermal 
decomposition of the hydrocarbons at temperatures above 300 °C. The sample 
size used was 0.4 g (0.2 g sample + 0.2 g cordierite) of powder sample.
3.1.2. Results
3.1.2.1. initial screening
The EtOH-TPSR experiment was initially performed on samples 1 Pd/CeZr, 
0.2Rh/CeZr1 and on the CeZr support by itself, all aged at 1100 °C for 24 h. The 
main products obtained in the range of 70 °C to 450 °C were CH4 and CH3CHO for 
Pd samples. For the Rh-only and CeZr samples only CH3CHO was formed over 
the temperature range studied here (Figure 3-3).
1 1 wt% Pd and 0.2 wt% Rh are close loadings and Pd:Rh ratios to those used in TWC.
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Figure 3-3: EtOH trends (A) and CH4 formed (B) during EtOH-TPSR for 1 Pd/CeZr, 0.2Rh/CeZr, and CeZr 
aged at 1100 °C for 24 h (F1100/24h). The sample size taken was 0.4 g (0.2 g sample + 0.2 g cordierite) 
and was previously pre-treated under 1.2% O2 in N2 at 300 °C for 30 min; for the EtOH-TPSR test the 
gas flow rate used was 2 L min' 1 containing 700 ppm of EtOH in N2. The catalyst was heated using a 
ramp rate of 10 °C min ' 1 from 70 to 450 °C while recording the trends using an FTIR spectrometer.
Based on the mechanistic studies in the literature the adsorption of EtOH on 
Pd/Ce02 samples produces ethoxy species, which are dehydrogenated, producing 
acetaldehyde [14, 19]. Acetaldehyde is further dehydrogenated over the Pd 
producing acetyl species which can then decompose forming CH4, H2 and CO. 
The acetyl species can also be oxidised with the oxygen from the ceria support to 
form acetates, which can then decompose to CH4 and CO and/or oxidise to C 0 2 
via carbonate species [14, 18]. In the case of Rh/Ce02 catalysts the initial ethoxy 
species are dehydrogenated to adsorbed acetaldehydes, which will further be 
desorbed from the surface of the catalyst as they do not continue reacting over Rh 
[16-18].
A range of xPd-0.2Rh/CeZr catalysts were also tested. For 1 Pd-0.2Rh/CeZr CH4 
was also obtained; the CH4 peak overlapped that obtained from the 1 Pd/CeZr 
sample (Figure 3-4). Similar experiments were performed with different Pd 
loadings leading to similar results.
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Figure 3-4: CH4 formed during EtOH-TPSR on 1 wt% Pd/CeZr samples with and without 0.2 wt% Rh. 
Both catalysts were aged at 1100 °C for 24 h (F1100/24h). The sample size taken was 0.4 g (0.2 g 
sample + 0.2 g cordierite) and was previously pre-treated under 1.2% O2 in N2 at 300 °C for 30 min; for 
the EtOH-TPSR test the gas flow rate used was 2 L min ' 1 containing 700 ppm of EtOH in N2. The 
catalyst was heated using a ramp rate of 10 °C min ' 1 from 70 to 450 °C.
Therefore the presence of Rh does not appear to significantly affect the CH4 
formation by changing the amount formed or by shifting the formation peak to 
different temperature (-20 °C), indicating that CH4 formation is only selective to 
surface Pd.
3.1.2.2. Impact o f Pd oxidation state
It was mentioned that prior to the EtOH-TPSR a pre-oxidation was performed on 
the sample at 300 °C using O2 in N2) with the aim of cleaning the catalyst surface 
and oxidising the metal. Therefore, all the Pd should exist as PdO.
In order to study if metallic Pd was also active for the formation of CH4, a 
pre-reduction was used instead to clean the surface of 1Pd/AI20 32 [20]. The 
reduction was also performed at 300 °C for 30 min using 1% H2 in N2 to ensure
2 An alumina-based catalyst was used to avoid ceria-decoration on the metal if a Pd/Ce02 catalyst 
was used, due to the reductive pre-treatment.
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complete reduction of the palladium species [21]. In Figure 3-5 it is possible to see 
that after this pre-reduction no CH4 was formed, suggesting that only PdO is active
for this reaction.
120
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Figure 3-5: CH4 formed during EtOH-TPRS for 1 Pd/AI20 3  F1100/24h, after the sample was exposed to a 
pre-oxidation (1.2% 0 2) or a pre-reduction (1% H2). The shoulder obtained in the CH4 formation profile 
(-190 °C) after the pre-oxidation could indicate the existence of multiple Pd species. The sample size 
taken was 0.4 g (0.2 g sample + 0.2 g cordierite); for the EtOH-TPSR test the gas flow rate used was 2 L 
min ' 1 containing 700 ppm of EtOH in N2. The catalyst was heated using a ramp rate of 10 °C min ' 1 from
70 to 450 °C.
3.1.2.3. Effect o f Pd loading
The CH4 formation was seen to increase with increasing Pd loading. Samples with 
loadings from 0 to 1 wt% Pd were tested. The maximum concentration of CH4 
obtained divided by the grams of sample and ppm of EtOH in the flow (max ppm 
CH4 g sample'1 ppm EtOH'1) was then represented against Pd loading to monitor 
any possible trend between Pd total loading and the CH4 formed (Figure 3-6). The 
amount of CH4 formed with Pd weight % is not linear. This is likely to be related to 
a change in particle size. At low Pd loadings Pd particle size is expected to be 
smaller than at high Pd loadings, as at higher Pd loadings the particles will tend to 
agglomerate more (less Pd exposed on the surface). Unfortunately, Pd particle
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size cannot be measured using any of the common techniques due to the low Pd 
loadings used (as the levels are below their detection limit) or due to errors that 
can be caused by the interaction with Ce0 2  (such as peaks overlapping, or 
chemical adsorption at the Pd-Ce interface).
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Figure 3-6: CH4 formed during EtOH-TPSR as a function of Pd weight %. Comparison between Pd-CeZr 
samples with and without Rh. All catalysts were aged at 1100 °C for 24 h.
3.1.2.4. Calibration curve
In order to create a calibration curve that could allow us to quantify Pd surface 
area, samples with different Pd loadings supported on Al20 3 were evaluated both 
by CO-chemisorption3 and by the EtOH-TPSR method. The samples were tested 
after calcination at 500 °C for 2 h (fresh) and after calcination at 900 °C for 40 h 
(aged). By doing this, the sensitivity of this technique to the particle size (and 
therefore the Pd-surface content) could be also demonstrated. The Pd surface 
content calculated by CO-chemisorption can be found in Table 3-1:
3 Pd/Al20 3 samples can be evaluated by CO-chemisorption to quantify Pd-surface area, as there is 
no CO-adsorption at the interface of the metal and the support.
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Table 3-1: Pd surface area and dispersion of xPd/AI20 3 samples calcined at 500 °C for 2 h (F500/2h) 
and at 900 °C for 40 h (F900/40h) calculated by CO-chemisorption.
Sample F500 °C/2 h F900 °C/40 h F500 °C/2 h F900 °C/40 h
0.5Pd/AI2O3 0.48 0.34 21 15
0.8Pd/AI2O3 0.92 0.46 27 13
0.9Pd/AI2O3 0.98 0.48 23 11
1 Pd/Al20 3 1.13 0.49 25 10
The maxim um  ppm o f CH4 form ed (up to 300 °C) during the E tO H -TPSR  divided 
by the gram s o f sam ple and ppm o f EtOH in the flow  (m ax ppm C H 4 g sa m p le '1 
ppm E tO H '1) was then represented against Pd surface area obtained from  the 
C O -chem isorption analyses (F igure 3-7). In th is w ay it was then possib le  to obtain 
a stra ight line to corre late CH4 form ed with an actual quantification o f Pd surface 
exposed, which can be used as a calibration curve when testing  any other 
Pd-sam ple.
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Figure 3-7: Calibration curve to quantify Pd surface area based on the amount of CH4 formed during
EtOH-TPSR.
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To demonstrate some of the changes in Pd surface area mentioned above, two of 
the samples used to build the calibration curve (1Pd/AI2C>3 calcined at 500 °C and 
at 900 °C, with Pd surface areas of 1.13 and 0.49 m2 g'1, respectively) were 
analysed by TEM. In the following Figure 3-8 it can be observed that the sample 
calcined at 500 °C contained Pd particles with an average size of 10 nm, whilst the 
same sample calcined at 900 °C contained Pd particles with an average size of 
80 nm. The increase of Pd particle size occurred due to thermal sintering.
B) 1Pd/Ateth F90G/40h
Figure 3-8: TEM images of 1 wt% Pd/Al20 3 fired at 500 °C for 2 h and at 900 °C for 40 h. The images 
showed the different Pd particles sizes obtained depending on the calcination temperature (500 vs
900 °C).
3.1.3. Remarks
The EtOH-TPSR technique has been used for the work of this thesis as a 
complementary measurement to characterise Pd surface area, together with 
CO-chemisorption and XPS. It has been especially useful to compare the Pd 
surface area on those samples where Pd and Rh co-existed, as CO chemisorption 
could not give selective measurements for each of the metals and XPS could not 
be used due to the low Pd and Rh loadings used. In addition to this, this technique 
can give realistic Pd surface areas, as the reaction occurs exclusively on the metal 
and not on the interface between the metal and the ceria (contrary to 
chemisorption techniques), and it is sensitive to palladium oxide only.
unapter s . Krone reactions tor the surface characterisation ot Hd, Ht and Kh g M
As a practical example, the metal surface area of a 0.5Pd/CeO2 catalyst was 
analysed by CO chemisorption and by EtOH-TPSR. The metal surface area 
obtained from CO chemisorption was significantly higher than that obtained from 
the EtOH-TPSR method (using the calibration curve) due to the extra contribution 
of the Pd-Ce interface sites (see Figure 3-9).
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Figure 3-9: Example of Pd surface area calculated by the EtOH-TPSR method using the calibration 
curve, and compared to the value obtained from CO chemisorption analyses on the same sample.
3.2. Ethane Hydrogenolysis for Rh surface characterisation
The ethane hydrogenolysis reaction was used to obtain qualitative information 
related to the concentration of rhodium active sites in a catalyst. This reaction 
allowed us to separate the effect of the Rh active sites from the Pd active sites (in 
case of co-existence), as Rh is significantly more active than Pd for this reaction 
(Ru > Rh > I r »  Pd = Pt) [4, 5, 22].
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According to the mechanism proposed by Cimio, Boudart and Taylor [23], the 
initial step in the reaction sequence is the dehydrogenation of the ethane to form 
an unsaturated surface residue (reaction 3-1). This step is followed by rupture of 
the carbon-carbon bond, with subsequent hydrogenation of the cracked fragments 
to produce methane (reactions 3-2):
C2H6 ^  C2Hx + [(6-x)/2]H2 (3-1)
C2Hx — ^  CHy + CHz — CH4 (3-2)
This technique is highly sensitive to changes in the surface of the catalyst and 
different slopes can be obtained depending on the support used, therefore the 
quantification of Rh surface area is challenging. Because of this, the technique has 
been used in this work only for comparative purposes.
3.2.1. Experimental
3.2.1.1. Catalysis preparation
A series of xRh/CeZr catalysts with several Rh loadings (x = 0.02, 0.05, 0.1, 0.2, 
and 0.3 wt%) were prepared by incipient wetness impregnation using aqueous 
solution of Rh(NC>3)3 on a CeZr support. Following the impregnation the catalysts 
were dried in air at 105 °C and calcined at 500 °C for 2h.
The support used was a stabilised Zr-rich CeZr mixed oxide supplied by Rhodia, 
and Rh(NC>3)3 (assay 12.85%) solution, supplied by Johnson Matthey, was used 
for Rh impregnations.
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3.2.1.2. Ethane hydrogenolysis
0.1 g of 250-355 pm pelletised sample was placed in the centre of a quartz tube, 
held in position with quartz wool. The quartz tube was then introduced into the 
micro reactor.
The sample was first submitted to a pre-treatment under He (50 ml min'1) at 
300 °C for 30 minutes to clean the surface of the catalyst of adsorbed atmospheric 
water and carbonates.
Following this pre-treatment, the temperature was then set at 150 °C and a gas 
mixture of 8.3% H2 and 1.7% C2H6 in N2 (50 ml min'1 10%H2/N2 + 10 ml min'1 
10%C2H6/N2) was flowed through the sample, and the gas composition monitored 
using a mass spectrometer (MS). Once a stable signal was obtained, a 
temperature ramp of 10 °C min'1 was applied up to 500 °C. The CH4 MS signal 
was then represented against the temperature; this is known as the light-off curve.
3.2.2. Results
Figure 3-10 shows the evolution of the C2H6 and CH4 signals during a temperature 
ramp between 150 and 350 °C. It is possible to appreciate how C2H6 is 
progressively consumed, reacting to form CH4.
The activity of the catalyst correlates with the specific surface area of rhodium 
metal. The lower the temperature of the light-off, the more surface Rh it contains. If 
Rh surface area quantification is needed, a calibration curve could be obtained.
For example, Stoyanovskii et al. generated calibration light-off curves for a series 
of Rh/AI20 3  samples at different Rh loadings [5].
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Figure 3-10: Ethane hydrogenolysis performed over a 0.3wt %Rh/CeZr sample calcined at 650 °C for 2 
h. The sample was firstly pre-treated under He at 300 °C for 30 minutes. Following this, the sample was 
cooled down to 150 °C and the gas flows set to 50 ml min' 1 1 0 %H2/N2 and 1 0  ml min' 1 1 0 %C2H6/N2. 
Once a stable signal was obtained, a temperature ramp of 10 °C min 1 was applied up to 450 °C.
A similar experiment was performed here by testing Rh/CeZr samples with 
different Rh loadings. These samples were also compared with two Pd/CeZr 
samples to demonstrate the significant higher activity that Rh presents compared 
to Pd (Figure 3-11).
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Figure 3-11: Light-off curves for samples with different Rh loadings. Two Pd/CeZr catalysts were also 
evaluated for comparison. Each sample was firstly pre-treated under He at 300 °C for 30 minutes. 
Following this, the sample was cooled down to 150 °C and the gas flows set to 50 ml min' 1 10%H2/N2 
and 10 ml min' 1 10%C2H6/N2. Once a stable signal was obtained, a temperature ramp of 10 °C min' 1 was
applied up to 450 °C.
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It is possible to observe that the light-off temperature decreases with increasing
the Rh content. In addition, changes in the slope were noticeable, due to changes
in the reaction rate. This has already been reported in literature, where it was
found that the type of support, Rh particle size and morphology could have an
impact on the gradient of the slope [24],Figure 3-12 shows an example of how the
type of support and particle size can affect the slope of C2H6 conversion:
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Figure 3-12: Light-off curves of Rh-samples calcined at 500 °C for 2h, where 0.1wt% Rh or 0.5 wt% Rh 
was supported on different commercial supports (CeZr, Ce02 or AI2O3). The slope of each curve was 
calculated and can be found in the figure’s legend. Each sample was firstly pre-treated under He at 
300 °C for 30 minutes. Following this, the sample was cooled down to 150 °C and the gas flows set to 
50 ml min ' 1 10%H2/N2 and 10 ml min' 1 10%C2 H6/N2. Once a stable signal was obtained, a temperature
ramp of 10 °C min ' 1 was applied up to 450 °C.
A calibration curve could not be obtained for Rh/CeZr samples, as there was no 
alternative method to quantify Rh surface area (CO chemisorption would also 
adsorb at the interface of Rh-Ce giving higher values). Al20 3-based samples could 
not be used for this, as the slope of the C2H6 conversion could suffer changes due 
to the different type of support [24]. Thus, due to these issues, the ethane 
hydrogenolysis method was used in this thesis only for comparative purposes.
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3.2.3. R em arks
Ethane hydrogenolysis reaction has been reported as a method to quantify Rh 
surface area [4, 5, 22]. This method is based on the conversion of C2H6 to CH4> 
and its light-off temperature greatly depends on the metal used, Rh being 
significantly more active than Pd (lower light-off temperature). Moreover, Rh 
surface area greatly affects the light-off temperature and due to this it is possible 
to qualitatively determine Rh surface area, with high Rh surface areas giving lower 
light-off temperatures.
For a quantitative determination of Rh surface area a calibration curve is needed, 
however in the case of Rh supported on Ce-based materials this is not possible as 
there is no other method to realistically determine Rh surface area (chemisorption 
techniques will give higher values due to the Rh-Ce interface contribution, and 
TEM cannot be used due to the lack of contrast between Rh and Ce). Thus, for 
this work the ethane hydrogenolysis reaction was used as a complimentary 
technique for the qualitative determination of Rh surface area in combination with 
CO chemisorption and XPS analyses.
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4. Pd-Ce02 samples prepared by co-precipifation
Wet impregnation1 is a widely used method to prepare catalysts as it leads to 
products with high metal dispersion and metal surface areas. However, when 
impregnating extremely low metal loadings, this can lead to too small particles that 
get locked in a less reactive state [1-3]. This occurs as a consequence of the 
formation of MY+-0 -C e  bonds2, which makes the metal interact too strongly with 
the Ce [1]. Thus, a certain level of M-Ce interaction is desired in order to achieve 
good oxygen mobility between the metal and the support, and vice versa, but 
without dispersing the metal as ionic MY+ species.
Here, co-precipitation was evaluated as an alternative method to prepare Pd-Ce02 
catalysts. Co-precipitation was chosen with the aim of increasing the contact 
between Pd and ceria atoms in order to promote a larger number of Ce atoms by 
the Pd, yet not to prepare Pd in a too dispersed state [4].
In this chapter the effect of the ceria precursor (Ce3+ vs Ce4+) and the effect of Pd 
loading in the structure and catalytic performance of the final product, were 
evaluated.
4.1 Pd-Ce02 based catalysts: impact of the Ce-precursor
To study the impact that the Ce-precursor has in the final structure and the 
catalytic performance of Pd-Ce02 catalysts, [0.5Pd+Ce] samples were prepared 
by co-precipitation using C e(N 03)-6H20  (as Ce3+ precursor) and Ce(NH4)2(N 0 3)6 
(as Ce4+ precursor). All the other conditions during the preparation were kept the 
same, as detailed in Chapter 2.
1 For a description of the wet impregnation technique refer to Chapter 2.
2 My+ refers to a positively charged metal. The value of y depends on the type of metal, oxidation state and 
electronic interactions.
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4.1.1. O bservations du ring  the cata lysts preparation 
When Ce3+ and Pd2+ precursors were added to boiling NaOH, a dark grey solid 
was obtained, suggesting the reduction of Pd2+ to metallic palladium through a 
redox reaction with Ce3+ (Figure 4-1 -  A1) [5, 6]. In contrast, when Ce4+ and Pd2+ 
precursors were used, a redox reaction did not occur and a yellow precipitate was 
obtained, suggesting in this case no metallic palladium formed, only PdOx (Figure 
4-1 -B 1 ).
After calcination at 650 °C for 2h the [0.5Pd+Ce3+] sample became significantly 
lighter in colour (Figure 4-1 -  A2), while no change in colour was seen for the 
catalyst prepared with Ce4+ precursor, which remained yellow during the whole 
process (Figure 4-1 -  B2). The change in colour from dark grey to yellow for the 
Ce3+ preparation, suggests that the metallic palladium was re-oxidised to PdOx 
during the calcination process.
Dried at 105 °C Fired at 650 °C/2h
Ce3+
Preparation a)
Ce4+
Preparation b)
Figure 4-1: Comparison of the colour obtained after the co-precipitation using a Ce3+ precursor (A1 
and A2) or a Ce4+ precursor (B1 and B2) before (dried at 105 °C) and after the calcination at 650 °C for
2 hours (F650 °C/2h).
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4.1.2. Structural characterisation
It is important to understand the structure of the catalyst, especially to determine 
the presence of dopants, as these can create a distortion in the structure changing 
the oxygen mobility of the ceria.
With the aim of understanding if Pd is deposited within the lattice of the ceria or 
separately, the samples were analysed by XRD.
4.1.2.1. X-Ray D iffraction (XRD)
XRD analyses showed that all the 0.5Pd-CeO2 samples had a cubic Ce02 
structure [7]. Due to the low Pd loadings used (0.5 wt%), it was not possible to 
extract any information regarding the noble metal using the X-ray diffraction 
technique.
The XRD patterns for the 0.5Pd-CeO2 samples can be found in Figure 4-2, and 
the lattice parameter a and the ceria crystallite sizes in Table 4-1.
Table 4-1: Lattice parameter and ceria crystallite size analysed by XRD, and specific surface area 
calculated by BET, of Pd-Ce0 2  samples prepared by impregnation (0 .5 Pd/CeO2) and by 
co-precipitation with Ce3+ ([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4+]) precursors. Calculated errors for ceria 
crystallite size are reported in brackets; BET-SSA instrument standard error = ± 4 m2 g"1.
C e02XRD 
Reference [7] 5.411 - - -
0.5Pd/CeO2 5.410 5.83 (±0.07) 138 0.51
[0.5Pd+Ce3+] 5.409 5.51 (±0.05) 114 0.50
[0.5Pd+Ce4+] 5.412 6.83 (±0.08) 54 0.38
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Figure 4-2: XRD profiles for 0 .5 Pd-CeO2 samples prepared by impregnation (0.5Pd/CeO2) and by co­
precipitation with Ce3+ {[0.5Pd+Ce3+3) and Ce4+ ([0.5Pd+Ce4+3) precursors. The peaks corresponding to
the cubic Ce0 2  phase are indicated as (*).
The lattice parameter of all the catalysts prepared did not show any significant cell 
contraction compared to the reference value, thus there was no indication of Pd 
ions being added to the ceria structure3.
In terms of ceria crystallite size, the sample prepared with Ce3+ had the smallest 
value (5.51 nm) and the sample with Ce4+ the largest (6.83 nm); the larger 
crystallite size obtained with Ce4+ is likely to be due to higher particle 
agglomeration during the synthesis. The agglomeration is strongly related to 
supersaturation, the higher this is the more agglomeration occurs [8]. Considering 
that the starting Ce-concentration for both preparations was the same and that the 
Ksp value (at 25 °C) of Ce(OH)4 is significantly lower than that of Ce(OH)3 
(2-1 O'48 M5 and 1.6-1 O'20 M4 respectively)4, it can be observed that Ce4+
3 Ionic radius: Pd+2 =0.86 A; Ce4+ = 0.97 A, Ce3+ = 1.14 A
4 Values obtained at 25 °C. The lower the Ksp value, the less concentration is needed to start the
precipitation.
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precipitation was exposed to a higher supersaturation during the preparation. This 
hypothesis also agrees with the specific surface areas obtained, where the 
0.5Pd/CeO2 and [0.5Pd+Ce3+] samples had similar surface areas (138 and 
114 m2 g"1, respectively), whilst [0.5Pd+Ce4+] presented a significantly lower value 
(54 m2 g 1).
The Pd content was analysed by ICP. The results in Table 4-1 shows that the 
impregnated 0.5Pd/CeO2 and the co-precipitated [0.5Pd+Ce3+] contained the Pd 
content initially calculated for these catalysts; in contrast, the [0.5Pd+Ce4+] sample 
contained a lower Pd content (0.38 wt%). The filtrates obtained during the vacuum 
filtration and following washes were not analysed, but it is suspected that some of 
the Pd(OH )2 formed during the precipitation of [0.5Pd+Ce4+] could have dissolved 
and leached out. Most of the available published information determined that 
Pd(OH )2 is largely insoluble in H2O, however a few studies have revealed that 
small amounts of aqueous Pd complexes could be dissolved in water under 
certain conditions [9-11]. It is believed that Pd did not leach during the preparation 
of [0.5Pd+Ce3+] due to the formation of different palladium species (metallic Pd), 
as described in section 4.1.1., which are considered highly insoluble.
4.1.3. Surface characterisation
In addition to understanding the bulk properties of the catalysts, surface 
characterisation is needed to quantify the number of available active sites on the 
surface, as this is important to determine the level of adsorption of the pollutants. 
Due to the low noble metal loadings, as well as the presence of ceria, the results 
obtained from XPS, CO chemisorption and EtOH-TPSR analyses were combined 
to provide a more accurate understanding of the catalysts surface.
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4.1.3.1. X-Ray Photoelectron Spectroscopy (XPS)
The surface composition of the samples obtained with the different preparation 
methods was analysed by XPS, which has a depth of analysis of ~5 nm [12]. 
Figure 4-3 shows the signals obtained for the Ce3d spectra, which typically 
contains bands at 883.3 eV, 886.0 eV, 890.0 eV and 899.3 eV, denoted as v, v’, 
v” , and v” \  respectively, as well as bands at 901.8 eV, 904.1 eV, 908.4 eV and 
917.5 eV, denoted as u, u \ u” , and u” \  The peaks denoted as v and u refer to 
3d5/2 and 3d3/2 spin-orbitals, respectively. In terms of oxidation state identification, 
the bands u, v, u” , v” , u’” and v’” are related to Ce4+ species, whilst u’ and v’ can 
be assigned to Ce3+ [13, 14].
3<6
9fek
‘to
c<DC
875 885 895 905 915 925
Binding Energy / eV
Figure 4-3: Ce3d XPS spectra for the 0 .5 Pd-CeO2 samples prepared by co-precipitation using Ce3+ 
([0.5Pd+Ce3*]) and Ce4+ ([0.5Pd+Ce4+]) precursors, and the sample prepared by impregnation on CeC>2 
(0.5Pd/CeO2). The bands u, v, u”, v”, u’” and v’” are related to Ce4* species, whilst u’ and are
assigned to Ce3+.
The Ce3d spectra indicated that C e02 can be identified as the main cerium 
species present in all these catalysts. In addition 15-20 % of Ce3+ was also
0.5Pd/CeO2
present in all the samples, however, exact quantification is difficult as the X-ray 
beam can induce reduction of Ce4+ to Ce3+ [15]. The presence of Ce4+ as the main
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species suggests that the majority of the cerium added during the preparation is 
oxidised during the calcination irrespective of the Ce-precursor used. This is 
consistent with the colour of the samples observed.
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Figure 4-4: Pd3d spectra obtained by XPS comparing the Pd species found in the samples prepared by 
co-precipitation using Ce3+ ([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4+]) precursors, and the sample 
prepared by impregnation on Ce0 2  (0 .5 Pd/CeO2). The vertical lines point the position of the different
Pd species detected.
Figure 4-4 compares the XPS profiles obtained for Pd3d signals. The identification 
and quantification of Pd on the near-surface5 for the co-precipitated [0.5Pd+Ce4+] 
sample was not possible due to the low amount of Pd on the surface (calculated 
Ce/Pd atomic ratio = 109). [0.5Pd+Ce3+] also contained little surface Pd 
(calculated Ce/Pd atomic ratio 54), but the resolution and identification of its bands 
was possible. The doublet at 335.94 eV (Pd3d5/2) and 341.20 eV (Pd3d3/2) are 
believed to correspond to metallic clusters, whilst the bands at 337.61 eV (Pd3d5/2) 
and 342.87 eV (Pd3d3/2) to palladium species with higher oxidation state 
(Figure 4-5 - A) according to the literature [14]. For Pd2+, these bands should
5 The depth of XPS analysis is approximately 5 nm.
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appear at 336.8 and 342.06 ± 0.2 eV, but for this catalyst ([0.5Pd+Ce3+]) they were 
shifted towards higher binding energies indicating that palladium was interacting 
strongly with the support [13, 16]. Pd4+ bands should also appear at this region, 
however it is improbable that the sample contained these species, as PdC>2 is 
unstable at high calcination temperatures (T > 400 °C), similar to those used in this 
study [13].
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Figure 4-5: Deconvolution of Pd3d XPS peaks for [0.5Pd+Ce3+] (A) and 0 .5 Pd/CeO2 (B).
The impregnated 0.5Pd/CeC>2 had the highest Pd loading on the surface 
(calculated Ce/Pd atomic ratio = 34). The palladium species in this sample were
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present as Pd2+ (Figure 4-5 - B). A shoulder at 335.7 eV was also observed which 
is believed to be due to traces of Mg contamination (Mg Auger peak from L to K 
shell).
The higher calculated Ce/Pd atomic ratio of 0.5Pd/CeO2 compared to that found 
for [0.5Pd+Ce3+] (34 and 54, respectively) can indicate either a higher 
Ce-decoration and/or the formation of larger Pd particles in the co-precipitated 
[0.5Pd+Ce3+] sample. Further surface analyses (CO chemisorption, and 
EtOH-TPSR) will be required in order to establish this conclusively. In addition, the 
appearance of palladium peaks at higher binding energies for [0.5Pd+Ce3+] 
indicated that Pd-Ce interaction is significantly stronger for this sample compared 
to 0 .5 Pd/CeO2, which is suspected to be attributed to an improved contact 
between Pd and Ce atoms in the [0.5Pd+Ce3+] sample.
4.1.3.2. Metal d ispersion analyses: CO chem isorption & EtOH-TPSR 
It has been discussed previously that the measurement of metal dispersion on 
Ce0 2 -based samples is a complicated parameter to measure by 
CO-chemisorption due to CO adsorption occurring at the interface of the metal and 
the ceria, as well as on the metal itself, giving higher dispersion and metal area 
values than the actual [2]. For this reason, the analyses performed here were only 
taken for comparative purposes.
A new technique, developed during the work of this thesis, was used in addition to 
the CO chemisorption to measure Pd surface area: ethanol temperature 
programmed surface reaction (EtOH-TPSR), as described in Chapter 3. During 
EtOH-TPSR Pd-catalysts form CH4, the amount of which increases with Pd 
surface area, which can then be calculated using a calibration curve.
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Table 4-2 compares the results obtained for the 0.5Pd-CeO2 samples prepared 
using the different methods:
Table 4-2: Pd dispersion and surface area calculated using CO-chemisorption, and Pd surface area 
calculared by EtOH-TPSR for 0 .5 Pd-CeO2 samples prepared by impregnation on Ce0 2  (0 .5 Pd/CeO2) 
and by co-precipitation using Ce3+ {[Q.5Pd+Ce3+J) and Ce4+ ([0.5Pd+Ce4+]) precursors. CO 
chemisorption instrument standard error = ± 2% (for metal dispersion) and ± 0.04 m2 g ' 1 (for metal 
surface area); EtOH-TPSR instrument standard error = ± 0.1 m2 g'1.
Sample
Pd
dispersion
/%
Pd surface 
area
/ m2 g 1
max ppm CH4 g 
sample"1 ppm 
EtOH"1
Pd surface area
/ m2 g "1
0.5Pd/CeO2 52 1.2 1.9 0.9
[0.5Pd+Ce3*] 51 1.1 1.1 0.5
[0.5Pd+Ce4*]
*~ ru ~  ------------ ;------i---------u
14 0.2 0.1 0.1
*The dispersion has been calculated based on the real Pd loading (0.50 wt% Pd for 0.5Pd/CeO2 and [0.5Pd+CeJf]~and 0.38 
wt% Pd for [0.5Pd+Ce4+]).
The values obtained from the CO chemisorption and the EtOH-TPSR techniques 
followed the same trend, and were in agreement with the trend observed using 
XPS. The results showed that the impregnated sample had the highest levels of 
Pd at the surface, followed by the co-precipitated [0.5Pd+Ce3+] and by the 
co-precipitated [0.5Pd+Ce4+], this last showing a significantly lower Pd surface
area.
The lower Pd surface area of [0.5Pd+Ce4+] is believed to be not only a 
consequence of the lower Pd content compared to the other two samples. If the 
Pd surface area of [0.5Pd+Ce4+] is compared to a sample that contains 1.5 times 
less Pd than this sample6, it was observed that [0.5Pd+Ce4+] had about % of its Pd 
surface area7; therefore in this case the decrease of Pd surface area was not 
proportional to the Pd content in the sample. This suggested that other factors 
should be involved, such as the formation of larger Pd particles or a higher level of 
ceria encapsulation compared to 0.5Pd/CeO2 and [0.5Pd+Ce3+] samples.
6 [0.5Pd+Ce4+] contains 0.38 wt% Pd, and it is compared to a sample prepared by impregnation 
that contains 0.25 wt% Pd (0.25Pd/CeO2).
7 Pd surface area of 0.25Pd/CeO2: from CO chemisorption = 0.6 m2 g"1; from EtOH-TPSR =
0.4 m2 g"1.
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Compared to the values obtained from the CO chemisorption, those obtained from 
the EtOH-TPSR method were lower. This is believed to be due to the extra CO 
adsorption occurring at the interface of the metal and the ceria during CO 
chemisorption experiments [2, 17]. Therefore, the EtOH-TPSR method appears to 
be a better technique to obtain more realistic metal surface area values, as only 
the surface Pd sites are involved. This can be specially noticed when comparing 
[0.5Pd+Ce3+] and 0.5Pd/CeO2 samples. Based on the values obtained from the 
EtOH-TPSR method, [0.5Pd+Ce3+] had a significantly lower surface Pd content 
than 0.5Pd/CeO2, whilst they appeared to contain very similar Pd surface areas 
when comparing the values obtained using the CO chemisorption. This could 
suggest that there is a considerable amount of CO adsorbing at interface sites for 
this co-precipitated sample, and hence that the interaction between Pd and Ce is 
greater for the co-precipitated sample prepared using the Ce3+ precursor.
This agrees with the conclusions from the XPS studies in section 4.1.3.1., where it 
was suggested that the co-precipitated [0.5Pd+Ce3+] sample could contain some 
Ce-decoration on the Pd particles. This is likely to result in a greater number of 
Pd-Ce interfacial sites for the co-precipitated sample where CO would adsorb 
during CO chemisorption experiments.
4.1.4. Redox characterisation
The samples were submitted to H2- and CO-TPR experiments, with the aim to 
further determine how the Pd-Ce interaction depends on the preparation method. 
The samples were also submitted to oxygen storage capacity (OSC) tests as any 
changes in the Pd-Ce interaction should have an impact on the OSC of the 
catalyst.
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4.1.4.1. H2-TPR
The reductibility of the samples was analysed by H2-TPR. All the samples showed 
three main peaks corresponding to the reduction of Pd and promoted surface ceria 
(70-250 °C), the reduction of unpromoted surface ceria (270-500 °C) and the 
reduction of bulk ceria (600-900 °C) [18, 19] (Figure 4-6).
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Figure 4-6: H2-TPR profiles of 0.5Pd-CeO2 samples prepared by impregnation (0.5Pd/CeO2), and by 
co-precipitation with Ce3+ {[0.5Pd+Ce3+j) and with Ce4+ ([0.5Pd+Ce4*]) precursors. The sample taken 
was -0.2 g, and the flow used was 30 ml min ' 1 of 10% H2/N2 using 30 ml min ' 1 of N2 as carrier gas.
Comparing these three peaks it can be seen that the reduction of Pd was 
significantly different for the different samples. For the impregnated sample, a wide 
peak was observed centered at -90  °C with a small shoulder at 50 °C and a 
second, more prominent one, at 205 °C. In contrast, the Pd reduction appeared as 
a sharp peak for both co-precipitated samples, at -110 °C for [0.5Pd+Ce3+] sample 
with two small shoulders at 120 and 160 °C, and at 165 °C for [0.5Pd+Ce4+] 
catalyst. The presence of shoulders is an indication of the co-existence of Pd 
particles with different sizes [20]. Based on these results, the reduction of Pd 
occurs faster (sharp peak over a smaller temperature range) for the species 
created during the co-precipitation preparations than for the impregnated sample.
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Surface ceria reduction was practically identical for the 0.5Pd/CeO2 and 
[0.5Pd+Ce3+] samples, and significantly lower for the [0.5Pd+Ce4+] catalyst. This 
agrees with the specific surface area values, calculated by BET (0.5Pd/CeO2 and 
[0.5Pd+Ce3+] samples showed a SSA of 138 and 114 m2 g '1, respectively; whilst 
[0.5Pd+Ce4+] sample showed a lower value of 54 m2 g"1). Ceria bulk reduction was 
similar for all three catalysts.
It is important to mention that although the second reduction peak is usually 
referred to as unpromoted ceria surface reduction, in the presence of the noble 
metal it appears at a lower temperature than when C e02-only is tested. Thus, 
technically the second peak is related to surface ceria which is promoted to a 
lower extent by the noble metal. This can be seen in Figure 4-7 where the H2-TPR 
profiles of the 0.5Pd/CeO2 and the C e02 samples are compared.
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Figure 4-7: H2-TPR profiles of 0 .5 Pd-CeO2 samples prepared by impregnation (0 .5 Pd/CeO2), and a 
C e02-only sample supplied by Rhodia. The sample taken was -0.2 g, and the flow used was 
30 ml min ' 1 of 10% H2/N2 using 30 ml min' 1 of N2 as carrier gas.
The only reduction peaks for C e02 were associated to surface (peak between 400
-  700 °C) and bulk (700 -  900 °C) reduction. For 0.5Pd/CeO2, the bulk reduction
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appeared at the same temperature, however the surface reduction appeared at 
lower temperature (250 -  500 °C) due to the promotion caused by Pd.
Table 4-3 summarises the reduction temperatures of the peaks together with their 
hydrogen consumption for each sample:
Table 4-3: Summary of peak positions and H2 consumption during the H2-TPR experiments on 0.5Pd- 
Ce02 samples prepared by impregnation (0.5Pd/CeO2), and by co-precipitation with Ce3+ ([0.5Pd+Ce3+]) 
and Ce4+ {[0.5Pd+Ce4+]) precursors. Average instrument standard error ± 0.02 mmol g'1.
Sample
Peak
temperature
/°C
h2
consumed 
/ mmol g‘1
Peak
temperature
/°C
h2
consumed 
/ mmol g '1
Peak 
temperature 
1°  C
h2
consumed 
/ mmol g'1
0.5Pd/CeO2
90 °C
50, 204 °C 
(shoulders)
0.58 250-505 °C 0.30 580-900 °C 0.47
[0.5Pd+Ce3*]
110°C
120, 160 °C 
(shoulders)
0.64 260-535 °C 0.40 580-900 °C 0.38
[0.5Pd+Ce4*] 165 °C 0.41 260-530 °C 0.10 580-900 °C 0.39
The experimental H2 consumption required to reduce 0.5 wt% Pd was much higher 
for all three catalysts than the calculated theoretical consumption (0.05 mmol g '1); 
this is due to the extra contribution of the reduction of ceria in contact with 
palladium which occurs simultaneously, due to the spillover effect [3, 21]. It can be 
noticed that the H2 consumption associated with the PdOx reduction was the 
greatest for the co-precipitated [0.5Pd+Ce3+] sample, again providing evidence for 
the highest Pd-Ce interaction for this catalyst.
4.1.4.2. CO-TPR
CO is a better probe molecule than H2 to study surface reduction due to a lower 
spillover effect. This allows a more detailed study of the reducibility of Pd-species
[21].
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Figure 4-8: CO, CO2 and H2 mass spectrometer (MS) signals during a CO-TPR experiment on 
[Q.5Pd+Ce3+] sample, after the sample was previously pre-treated under 50 ml min' 1 of He at 500 °C. 
During the CO-TPR the flow consisted in 20 ml min ' 1 of 10%CO/He in 30 ml min ' 1 of He.
Figure 4-8 shows an example of the profiles obtained for CO, C 0 2 and H2 mass 
spectrometer (MS) signals during a CO-TPR experiment, in this case on the 
[0.5Pd+Ce3+] sample. The main product obtained was C 0 2; H2 formation was not 
significant as there was no water in the flow, for this reason to compare the 
samples only CO consumption and C 0 2 formation were overlaid.
The profiles obtained for the 0.5 wt% Pd samples prepared by impregnation, by 
co-precipitation with Ce3+, and by co-precipitation with Ce4+ precursors can be 
found in Figure 4-9. Three main reductions could be identified in the C 0 2 formation 
and CO conversion profiles and these were compared to values quoted in the 
literature [13, 21-23]. Peaks between 50-350 °C are believed to relate to the 
reduction of surface PdOx (multiple peaks or shoulders are related to PdOx 
species with different strengths of interaction with the ceria support or different 
particle size) [21]. A wide peak between 400 and 600 °C is associated with surface 
C e02 reduction, and the peak between 700 and 900 °C due to bulk C e02
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reduction [13, 21, 22], Focusing on the CO consumption and C 02 formation 
profiles it is possible to appreciate that the signals did not return to the baseline at 
high temperature, indicating that either the bulk ceria reduction was not completed 
or that the Boudouard reaction was possibly occurring [22], The Boudouard 
reaction is the disproportionation reaction where carbon monoxide oxidises and 
reduces simultaneously producing carbon and carbon dioxide (2CO —» C + C 0 2)
[24].
0.5Pd/CeO2
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Figure 4-9: CO consumption (A) and C0 2 formation (B) during CO-TPR for 0.5Pd-CeO2 samples 
prepared by impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ ([0.5Pd+Ce3+]) and Ce4+ 
([0.5Pd+Ce4+]) precursors. The samples were previously pre-treated under 50 ml min ' 1 of He at 500 °C.
During the CO-TPR the flow consisted in 20 ml m in 1 of 10%CO/He in 30 ml min ' 1 of He.
Comparing the CO and C 0 2 profiles, it is possible to see that initially at low
temperature (< 125 °C) there was CO consumption without a consequent C 0 2
formation for both 0.5Pd/CeO2 and [0.5Pd+Ce4+]. This could be due to CO
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adsorption with CO remaining on the surface until the sample reached a high 
enough temperature for reaction. This was not the case for [0.5Pd+Ce3+] which 
formed C 0 2 simultaneously as CO was consumed.
Focusing on the C 0 2 profiles, it is observed that an initial small peak at low 
temperature, related to PdOx surface species, is more pronounced for 
[0.5Pd+Ce3+] sample (at 80 °C), indicating the presence of less stable (and 
therefore more reactive) PdOx particles [21]. A similar peak appeared at higher 
temperature and was significantly less intense for the 0.5Pd/CeO2 and 
[0.5Pd+Ce4+] samples (at 120 °C and 145 °C, respectively). The higher the 
reduction temperature, the more stable the Pd-species, and therefore the more 
difficult they are to be reduced [13, 21].
The main peak for the reduction of surface PdOx in contact with ceria (peak at 
200-350 °C), appeared as a single broad peak for the 0.5Pd/CeO2 and 
[0.5Pd+Ce3+] samples, suggesting that the particles are more homogeneous than 
on [0.5Pd+Ce4+], which contained two overlapping peaks. The position of these 
peaks, based on the C 0 2 profiles, appeared over a similar temperature range, with 
the maximum at around 290 °C for the 0.5Pd/CeO2 and [0.5Pd+Ce3+] samples, 
and around 255 and 330 °C for [0.5Pd+Ce4+]. The higher temperature position for 
these peaks indicate either the presence of small Pd particles or/and a stronger 
interaction with the support [21]; in this case it is not possible to conclude the 
cause of the higher temperature position of the peak found for the [0.5Pd+Ce4+] 
sample, as Pd particles could not be detected with any of the analysis performed 
to this point to further understand the Pd particle size and level of interaction with 
the ceria.
Surface ceria reduction was difficult to compare as no distinctive peaks were 
obtained between 400-600 °C. In terms of bulk ceria reduction (700-900 °C)
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0.5Pd/CeO2 and [0.5Pd+Ce4+] catalysts followed a similar profile; however, 
[0.5Pd+Ce3+] had a less well-defined peak and started at lower temperature than 
for the other two samples. This could suggest a better mobility of the oxygen 
atoms in the structure of this catalyst.
4.1.4.3. O xygen S torage C apacity  (OSC)
The total OSC for the catalysts prepared using the different methods is shown as a 
function of temperature in Figure 4-10.
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Figure 4-10: Comparison of the oxygen storage capacity of Pd-Ce02 samples prepared by 
impregnation (0.5Pd/CeO2), and by co-precipitation with Ce3+ ([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4+]) 
precursors. The OSC measurement was performed alternating switches between O 2 (10 ml min'1 of 5 
%0 2 /He) and CO (10 ml min'1 of 10 %CO/He) using He as a carrier gas (90 ml min'1) at steady state 
temperatures. OSC instrument average standard error = ± 8 pmol O g'1.
All the samples showed a similar curve with the OSC increasing with increasing 
temperature. The best performance was seen for the [0.5Pd+Ce3+] preparation, 
and the worst for [0.5Pd+Ce4+], although this last was not very different to the 
impregnated catalyst, especially at lower temperature. The improvement showed
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200 250 300
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by [0.5Pd+Ce3+] was noticeable over the whole temperature range tested here 
(100-400 °C).
Ceria efficiency, without the contribution of Pd, was calculated for each sample as 
described in Appendix 2. The values below 350 °C should only be taken as 
qualitative information, as it was assumed that all palladium existed as PdO and 
that complete oxidation of PdO occurred in this range of temperature. The 
catalysts were also compared to a 0.5Pd/CeO2 catalysts prepared by impregnation 
on a commercial Ce028. The results can be found in Table 4-4.
At 100 °C, 0.5Pd/CeO2 and [0.5Pd+Ce4+] did not show any OSC, therefore their 
efficiency was 0%; however, [0.5Pd+Ce3+] showed 3.4% of ceria efficiency. These 
values can be correlated with the results obtained from CO-TPR experiments, 
where it was seen that the production of CO2 on the 0.5Pd/CeO2 and [0.5Pd+Ce4+] 
samples did not start until ~125 °C, whilst this started at ~50 °C for [0.5Pd+Ce3+]. 
The efficiency trends followed those obtained for the OSC values, with the most 
efficient sample being [0.5Pd+Ce3+], followed by 0.5Pd/CeO2 and then 
[0.5Pd+Ce4+]. These values were far from 100%, with a maximum value of 15.0% 
at 400 °C for [0.5Pd+Ce3+] sample. These low efficiencies are due to the oxygen 
storage capacity being limited by the diffusion of the oxygen either from the 
surface or from the bulk of the Ce02 [25].
Compared to a commercial sample, which was based on 0.5 wt% Pd impregnated 
on a CeC>2 support supplied by Rhodia, the [0.5Pd+Ce3+] sample still showed a 
higher ceria efficiency, giving proof of the advantages of this preparation technique 
over the commonly used impregnation method to obtain a better OSC.
8 Ce02 support supplied by Rhodia.
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Table 4-4: Ceria efficiency (%) during the OSC test, comparing 0.5Pd-CeO2 samples prepared by 
impregnation on a precipitated and on a commercial Ce02 support (0.5Pd/CeO2), and by 
co-precipitation using Ce3+ ([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4+]) precursors.
100 0 3 0 1
200 1 8 1 6
300 5 13 3 8
400 9 15 6 9
4.1 .5 . K inetic  characterisation : C O -S S IT K A
Steady-state isotopic transient kinetic analyses (SSITKA) were performed in order 
to determine in situ kinetic information about the CO oxidation reaction in a simple 
gas mixture of CO and 0 2. The comparison of the reaction rate (r) at different 
temperatures gives information on how fast the sample can perform the reaction. 
In addition, the results can also be represented as turnover frequency (TOF) which 
gives information about the generation rate of product (C 0 2 in this case) per 
catalyst-surface site [26]. The number of surface-sites is usually calculated as 
pmol of CO per gram of sample using the CO chemisorption method. However, as 
this method is not suitable for Ce-based materials, due to the extra CO adsorption 
at the Pd-Ce interface, the TOF was not used here.
The CO oxidation over Pd/Ce02 has been widely reported in literature [27-30]. On 
the materials studied here, the CO oxidation could have occurred through three 
different pathways [27, 28]:
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1. CO and 0 2 competing for their adsorption on Pd sites, and reacting once 
adsorbed, this last step being the rate determining step (rds) (Langmuir- 
Hinshelwood mechanism):
C O ( g )  C O (a d s )
0 2 (g) ^  2 0 ( a d s )
rds  fa s t
C O (a d s )  +  O (a d s ) * C 0 2 (ads) * C 0 2 (g)
2. CO in the gas phase reacting with an oxygen atom that had been previously 
adsorbed on Pd (Eley-Rideal mechanism):
0 2 (g ) ^  2 0 ( a d s )
rd s  fa s t
C O ( g )  +  O (a d s ) * C 0 2 (ads) > C 0 2 (g)
3. CO adsorbed on Pd reacting with the oxygen from C e 0 2. In this case the rate 
determining step would be also determined by the oxygen diffusion from the 
support:
C O ( g )  ^  C O (a d s )
rds  fa s t
C O (a d s )  O (sup port) > C 0 2(ads)  ^ C 0 2(g)
The rate coefficient of CO desorption from Pd sites has been reported to occur 
around 207 °C [27]. Consequently, as the kinetic experiments were performed at a 
lower temperature, the oxygen adsorption rate on Pd sites (involved in pathways 1 
and 2) could be lowered due to Pd sites being blocked by non-reacted CO 
[27, 28]. In the case of pathway 3, the reaction between CO adsorbed on Pd and 
the oxygen from the support mainly depends on oxygen diffusivity to the surface of 
the C e 0 2, thus the diffusion of this oxygen will be the limiting step during this 
mechanism [27, 28].
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Figure 4-11 compares the reaction rates of the co-precipitated and impregnated 
Pd samples. It can be seen that the [0.5Pd+Ce3+] sample had the fastest reaction 
rate and [0.5Pd+Ce4+] the slowest.
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Figure 4-11: Comparison of the CO oxidation reaction rate measured at steady state temperatures for 
0.5Pd-CeO2 samples prepared by impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ 
{[G.5Pd+Ce3+]) and Ce4* ([0.5Pd+Ce4+]) precursors. The gas flows used were 52.5 mi min'1 of 5% 0 2/He, 
5.5 ml min'1 of 1%CO/5%Ar/He (12C) and 5.5 ml min'1 of 1%CO/He (13C). The average reaction rate
standard error was ±0.01 pmol g'1 s'1.
Based on the characterisation results reported previously it was suggested that the 
oxygen diffusivity to the surface of the C e02 occurred faster for the [0.5Pd+Ce3+] 
co-precipitated material than for the impregnated catalyst (sharp reduction peaks 
during H2-TPR, C 0 2 formation during CO-TPR at the lowest temperatures, higher 
OSC), thus pathway 3 is likely to have been of greater importance for this sample. 
As samples 0.5Pd/CeO2 and [0.5Pd+Ce3+] had similar CO adsorption (based on 
CO chemisorption analyses), the better oxygen mobility in [0.5Pd+Ce3+] will 
explain the faster reaction rate obtained for this co-precipitated sample. The lowest
[0.5Pd + Ce4+]
0.5Pd/CeO;
[0.5Pd + Ce4+]
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reaction rate observed for [0.5Pd+Ce4+] is suspected to be associated to a 
significantly lower Pd surface content than on the other two samples.
Previous reported studies on supported noble metals (Pd, Rh, and Pt) on Al20 3 
have determined that the mechanism for CO oxidation with 0 2 follows a Langmuir- 
Hinshelwood mechanism (pathway 1); however the addition of ceria modifies this 
mechanism making it a bi-modal system, due to the active participation of the 
oxygen from the ceria (pathway 3) [31, 32]. Thus, the results found here agree 
with previous studies reported in literature.
The reaction order was also calculated by running CO-ITK experiments at 80 °C 
using different [C 0]:[02] ratios. To calculate the reaction order with respect to 
[CO], the [0 2] was left constant and the [CO] was modified; the opposite was done 
to calculate the reaction order with respect to [0 2]. For further details refer to 
Appendix 3.
The reaction orders for all the catalysts appeared to be 0 with respect to oxygen 
concentration, and between 0.8 -  1 with respect to CO (1 for the 0.5Pd/CeO2 and 
[0.5Pd+Ce3+] samples, and 0.8 for the [0.5Pd+Ce4+] catalyst). The zero 0 2 
reaction order indicated that the concentration of 0 2 did not have an impact on the 
reaction rate, which suggests that pathways 1 and 2 occurred to a lower extent 
than pathway 3. This agrees with published studies, where it is explained that the 
active involvement of the oxygen from ceria has a greater participation and 
enhances the bi-modal mechanism (pathway 3) [27, 31, 32]. With respect to [CO], 
the lower reaction order found for the [Pd+Ce4+] sample could be related to the 
lower availability of surface active sites in this sample.
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Table 4-5: Estimated equation rates of CO oxidation reaction and activation energies for 0.5Pd-CeO2 
catalysts prepared by impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ ([0.5Pd+Ce3+]) and 
Ce4+ ([0.5Pd+Ce4+]) precursors. The standard errors for Ea are shown between brakets next to the
values.
: j
0.5Pd/CeO2 r = k [CO] 27 (± 2)
[0.5Pd+Ce3+] r = k [CO] 11 (±< 1 )
[0.5Pd+Ce4+] r = k [CO]° 8 9 (+ <1)
The activation energies (Ea) calculated for the co-precipitated samples were 
similar (11 and 9 kJ mol'1 for [0.5Pd+Ce3+] and [0.5Pd+Ce4+], respectively), which 
were also significantly lower than the Ea calculated for the impregnated sample 
0.5Pd/CeO2 (27 kJ mol'1). The lower Ea found for the co-precipitated materials 
could be associated with a higher Pd-Ce interaction which would allow faster 
oxygen transfer. The lower Ea also found for the [0.5Pd+Ce4+] catalysts, besides 
the low Pd surface content on this catalyst, suggests that also here Pd and Ce 
atoms are in greater contact than for the impregnated sample, allowing an easier 
transfer of the reactants between the ceria and the Pd. Thus, based on these 
results it could be concluded that the co-precipitation method improves Pd and Ce 
contact, independently of the Ce-precursor used. However, the precursor seems 
to have an impact on the Pd surface area, and this will greatly affect the overall 
reaction rate (the lower Pd surface content, the lower the reaction rate).
It was noticed that the temperature coefficient9 was below 2. This is due to the rate 
of the inversed reactions (desorption reactions) increasing with temperature, thus 
having a negative impact on the overall reaction rate.
9 Increase of reaction rate with each 10 °C increase. Typically the temperature coefficient is 2, 
which means that the reaction doubles with each 10 °C increase.
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4.1.6. Light-off performance
The aim of this work was to understand and improve the catalytic activity related to 
the ceria component of a TWC; therefore it was necessary to measure the activity 
of the samples prepared in this study. This was done by testing the catalysts under 
two different conditions. For the first test, the samples were tested under a 
continuous gas mix (constant A = 0.95), reproducing the gas composition to which 
the catalyst is exposed during the start-up of some engines. For the second test, 
the samples were tested under perturbed conditions (A ± 0.05) to reproduce 
realistic driving conditions. For the first test the activity mainly depends on the 
number of active sites and the pollutant adsorption strength, whilst for the second 
test the OSC properties of the catalyst are also highly important.
4.1.6.1. Cold-start conditions
The light-off performance of these catalysts was measured under ‘cold start’ gas 
mix conditions from 100 to 400 °C. The HC, NOx10 and CO conversions can be 
seen in Figure 4-12 for all three catalysts. The sample prepared by the co­
precipitation of [0.5Pd+Ce3+] showed a small improvement in the CO light-off 
performance compared to that of the catalyst prepared by the impregnation 
method, reducing by 14 °C the necessary temperature for 50% CO conversion 
(T50). The NOx and HC light-offs however showed little difference. The small 
improvement seen during the CO light-off agrees with the results seen in section
4.1.5. where it was shown that the CO oxidation rate was faster for the 
[0.5Pd+Ce3+] than for 0.5Pd/CeO2, despite having a lower Pd surface content 
(based on EtOH-TPSR results). The larger contribution of the interface Pd-Ce
10 The products obtained from the NOx conversion during this test and the following presented in 
this work were mainly N2) NH3 and N20.
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sites apparent in the [0.5Pd+Ce3+] sample allowed an easier oxygen transfer 
which improved CO oxidation kinetics, and therefore its light-off.
Contrary to this, the sample prepared by the co-precipitation of [0.5Pd+Ce4+] 
showed a significantly lower performance (T50 > 400 °C) than the other catalysts.
The lower performance of [0.5Pd+Ce4+] was mainly due to the lower number of 
active sites, as shown by the characterisation [33, 34].
Table 4-6 shows a summary of the necessary temperatures to achieve 50%  
conversion for CO, NOx, and HC, for the 0.5Pd-CeO2 catalysts prepared by the 
different methods:
Table 4-6: Necessary temperature for 50% conversion of CO, NOx and HC during a light-off test under 
constant lambda at 0.95, for 0.5Pd-CeO2 catalysts prepared by impregnation (0.5Pd/CeO2) and by 
co-precipitation using Ce3+ ([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4+]) precursors. Light-off instrument
average standard error = ± 2 °C.
iraova?; m w t i ^
0.5Pd/CeO2 242 257 327
[O.SPd+Ce3*] 228 252 327
[0.5Pd+Ce4+] > 400 > 400 > 40 0
It was observed that CO conversion initially increased, but after ~280 °C this 
started to decrease. This is due to the lack of available oxygen to complete both 
CO and HC oxidation reactions which are in competition (see Appendix 4).
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Figure 4-12: From top to bottom, CO, NO* and HC light-off performance under constant lambda at 0.95 
of 0.5Pd-CeO2 catalysts prepared by impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ 
([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4*]) precursors. The sample taken was 0.4 g (0.2 g sample + 0.2 g 
cordierite) and the gas flow rate 2 L min*1. The catalyst was heated using a ramp rate of 10 °C min*!
from 100 to 400 °C.
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4.1.6.2. Perturbed light-off
In a real system the catalyst will be also exposed to oscillations around lambda 1, 
and it is under these conditions that the OSC properties take more importance. For 
these reasons, the best catalysts (0.5Pd/CeO2 and [0.5Pd+Ce3+]) were also 
submitted to a perturbed test at lambdas 0.99 ± 0.05 (rich average lambda) and 
1.01 ± 0.05 (lean average lambda), using 6 second cycles11 (0.17 Hz). The 
conversion trends can be seen in Figure 4-13, and a summary of T50 values in 
Table 4-7.
It can be seen that [0.5Pd+Ce3+] showed an improved light-off performance 
compared to 0.5Pd/CeO2 under all conditions. The difference was especially 
noticeable at the rich average lambda (0.99 ± 0.05). Under average rich conditions 
the T50 for [0.5Pd+Ce3+] was 40 °C lower for NOx, 54 °C lower for CO, and 19 °C 
lower for HC compared to the values for 0.5Pd/CeO2; under average lean 
conditions T50 was 24 °C lower for NOx, 21 °C lower for CO, and 19 °C lower for 
HC. The better performance of [0.5Pd+Ce3+] largely reflects the higher OSC of this 
catalyst compared to 0.5Pd/CeO2, as was discussed in section 2.1.2.
Table 4-7: Necessary temperature for 50% conversion of CO, NOx and HC under perturbed conditions 
for 0.5Pd-CeO2 catalysts prepared by impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ 
([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4+]) precursors. Light-off instrument average standard error = ± 2 °C.
NOx T50
/°C
CO T50
l°C
HC T50
1° C
NOx T50 
/°C
CO T50
1° C
HC T50
l°C
0.5Pd/CeO2 238 248 253 230 206 222
[0.5Pd+Ce3+] 194 198 234 185 206 203
11 1 cycle is considered [3 sec rich -  3 sec lean] switches.
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Figure 4-13: Light-off performance under perturbed conditions for 0.5Pd-CeO2 catalysts prepared by 
impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ {[0.5Pd+Ce3+j) precursor. From top to 
bottom, CO, NOx and HC conversions; from left to right, light-offs at lambdas 0.99 ± 0 .05 and 1.01 ± 
0.05. The sample size taken was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow rate 5 L min"1. 
The catalyst was heated using a ramp rate of 10 °C min'1 from 110 to 500 °C.
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4.1.7. Summary
Co-precipitation with a Ce4+ precursor resulted in a catalyst with poor surface area 
and little Pd surface content. The poor surface area obtained is suspected to be 
related to a higher agglomeration, which is believed to occur as a consequence of 
a higher supersaturation during the preparation of this sample [8]. ICP analyses 
also confirmed that this sample contained 0.38 wt% Pd instead of the theoretical 
Pd content calculated for this preparation (0.5 wt% Pd). The loss of Pd is 
suspected to be a consequence of small amounts of Pd(OH )2 re-dissolving in 
water during the washes of the precipitate, however the supernatant of the 
filtrations was not analysed and this could not be concluded [9-11]. In addition, the 
Pd surface area of this material appeared to be even lower than that of a samples 
containing 1.5 times less Pd (0.25Pd/CeO2) prepared by impregnation, suggesting 
that the loss of Pd surface area was not entirely related to the lower Pd content. 
Thus, it is likely that this preparation led to deeper encapsulation of the Pd 
particles by the ceria. It is also believed that the lower Pd surface area of this 
sample was not due to an increase of Pd particle size, as not shift towards lower 
temperature of the Pd-Ce reduction peak was detected during H2-TPR  
experiments, compared to the 0.5Pd/CeO2 sample [3, 20]. The poor surface area 
and the low number of active sites on the surface resulted in poor catalytic 
performance in terms of light-off, pollutant conversion and OSC [33]. However, the 
sharp Pd-Ce reduction peak seen during H2-TPR experiments and the lower Ea 
found for the CO oxidation reaction for this sample (compared to the 0.5Pd/CeO2 
sample) suggests that there is an intimate contact between Pd and Ce atoms, 
which will facilitate the oxygen transfer [17].
In contrast, the catalyst prepared with the Ce3+ precursor showed a slightly better 
catalytic activity under cold-start conditions than an impregnated sample
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(0.5Pd/CeO2) with the same Pd loading, and a significant improvement under 
perturbed conditions. XPS and TPR results showed that there was a significantly 
higher Pd-Ce interaction in this sample (XPS peaks shifted towards higher eV, 
sharp reduction peaks and higher H2 consumption during H2-TPR), which explains 
the important increase in the observed OSC and the consequent higher 
performance of the perturbed light-off [35, 36]. The lower Ea found for this sample 
was also a sign of the better oxygen transfer between the support and the 
palladium, due to a better Pd-Ce contact. Since the dispersion and metal surface 
area (based on CO chemisorption) of [0.5Pd+Ce3+] only showed a small decrease 
compared to the impregnated 0.5Pd/CeO2 catalyst, the calculated XPS Ce:Pd 
atomic ratio was only slightly larger, and there was no shift in the Pd-Ce reduction 
peak towards lower temperature during H2-TPR, it is concluded that the small 
decrease of Pd surface area is possibly due to some level of ceria encapsulation 
and not to an increase of Pd particle size. The supposed encapsulation obtained 
with the co-precipitation of Pd2+ with Ce3+ precursor seems to be partial or as a 
thin layer of CeC>2, where the pollutants and the oxygen atoms could still have 
access to the palladium particles. The higher Pd-Ce interaction seen in this 
sample is believed to be related to a larger number of Pd and Ce atoms in contact 
due to this partial encapsulation [17]. A higher number of Pd and Ce atoms in 
contact also means an increase in the number of Pd-Ce interface sites, which are 
the most active species for TWC reactions [2].
To conclude, the co-precipitation method for 0.5Pd-CeO2 sample preparation have 
shown to produce products with higher Pd-Ce contact, independently of the 
Ce-precursor. However, the choice of the Ce-precursor was seen to greatly impact 
the level of Pd in the sample, as well as its surface content, with Ce3+ leading to 
larger Pd surface areas than the Ce4+ precursor.
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4.2. Pd-Ce02 based catalysts: impact of the Pd loading
One of the limitations of the impregnation method is that when preparing catalysts 
with extremely low noble metal loadings (< 0.5 wt%), the dispersion obtained is so 
high that the particles finish locked in a less reactive state [1].
The co-precipitation method was extended to prepare a range of catalysts with 
different Pd loadings. Samples with loadings 0.25, 0.5, 0.75, 1 and 5 wt% Pd were 
prepared using the co-precipitation method with the Ce3+ precursor (which will be 
referred as [Pd+Ce3+]). These samples were compared to same loaded samples 
prepared by wet impregnation (referred here as Pd/Ce02).
4.2.1. Structural characterisation
Previously (section 4.1.2.1.), it was shown that compared to 0.5Pd/CeO2 and 
[0.5Pd+Ce4+], the [0.5Pd+Ce3+] sample appeared to show a small lattice 
contraction; however, this contraction was too small to conclude that Pd was 
incorporated in the ceria structure. This may reflect the low loading of Pd in the 
initial catalyst (0.5 wt%), thus samples with higher Pd loadings were analysed by 
this method.
4.2.1.1. X-Ray Diffraction (XRD)
The samples with different Pd loadings prepared by the co-precipitation of 
[Pd+Ce3+] were analysed by XRD. The lattice parameter a and the ceria crystallite 
size values are summarised in Table 4-8. As with the previous preparations, all the 
samples were formed of a cubic Ce0 2  structure and no information regarding 
palladium could be obtained [7]. The diffraction patterns can be seen in 
Figure 4-14.
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Table 4-8: Lattice parameter a and ceria crystallite size analysed by XRD, and specific surface area 
calculated by BET of Pd samples prepared by co-precipitation with Ce3+ precursor. Calculated errors 
for ceria crystallite size are reported in brackets; BET-SSA instrument standard error = ± 4 nrT g'1.
C e 0 2 XRD 
Reference [7] 5.411 - - -
[0.25Pd+Ce3+] 5.408 4.59 (±0.06) 131 0.21
[0.5Pd+Ce3+] 5.409 5.51 (±0.05) 114 0.51
[0.75Pd+Ce3+] 5.407 4.62 (±0.06) 145 0.81
[1Pd+Ce3+] 5.415 5.75 (±0.09) 106 1.06
[5Pd+Ce3+] 5.421 4.87 (±0.07) 131 4.91
A slight contraction in the lattice parameter was observed for those samples 
prepared by co-precipitation containing up to 0.75 wt% Pd. However, the 
contraction was not significant enough to determine definitely if there was any 
palladium incorporation into the ceria structure.
At higher palladium loadings (1 and 5 wt%) no shift to lower angles was apparent; 
in fact the lattice parameter values increased with increasing Pd loading (increase 
of 0.06% and 0.19% for 1 and 5 wt% Pd, respectively). This has been reported by 
other authors [37-40] who suggest that the lattice constant for small particle sizes 
(< 5 nm) can increase due to having a larger surface-to-volume ratio. Due to the 
small crystallite size the bonds Ce-0 are too restricted, forcing the formation of 
oxygen vacancies to ease the space and consequently forming Ce3+ ions, which 
are bigger in size than Ce4+ [37-40]. However, the crystallite sizes obtained here 
were similar for all the samples (between 4.5-5.7 nm) thus it was not understood 
why this only occurred at higher Pd loadings.
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Figure 4-14: XRD patterns of Pd-Ce02 samples with different loadings prepared by impregnation (A) 
and by co-precipitation with Ce3+ precursor (B). The peaks corresponding to the cubic Ce02 phase are
indicated as (*).
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By contrast, in the case of the samples prepared by impregnation with equivalent 
Pd loading, the lattice parameter was essentially constant and agreed with that of 
the reference Ce0 2 .
There was no evidence of palladium particles even at higher loadings for either set 
of catalysts, which shows that the preparation methods described above both lead 
to extremely dispersed Pd particles.
As the extent of the cell contraction was not significant, it was concluded for the 
co-precipitated materials that there is no evidence that Pd has been included 
within the ceria lattice.
4.2.2. Surface characterisation
The change of the Pd particle size with Pd loading was monitored by XPS, CO 
chemisorption and EtOH-TPSR. The aim of this study was to quantify Pd surface 
area, as well as to define levels of interaction with ceria.
4.2.2.1. X-Ray Photoelectron Spectroscopy (XPS)
Similar conclusions to those detailed in the previous section (4.1.3.1) were 
obtained for the Pd-Ce02 samples with different Pd loadings. Ce02 and PdO were 
the main species present in both sets of samples (impregnated and 
co-precipitated), as shown in Figure 4-15 and Figure 4-16.
For the Ce3d spectra (Figure 4-15) Ce02 can be identified as the main cerium 
species present in all these catalysts [14]. As seen previously, around 15-20 % of 
Ce3+ was also present in all the samples, possibly due to the reduction of Ce4+ 
induced by the X-ray beam [15]. The presence of Ce4+ as the main species
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suggests that the majority of the cerium added during the co-precipitation 
preparation is oxidised during the calcination.
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Figure 4-15: Ce3d XPS spectra. Comparison of Pd-Ce02 samples with different Pd-loadings prepared 
by co-precipitation with Ce3+ precursor (A) and by wet impregnation (B). The bands u, v, u”, v”, u’” 
and v’” are related to Ce4+ species, whilst u’ and v’ are assigned to Ce3+.
The palladium signal was poor for some samples due to the low amounts of 
palladium on the surface (i.e. 0.25 wt% Pd). The samples prepared by 
co-precipitation with Ce3+ showed bands corresponding to Pd-species with higher
S^3S3M' 'c ip ic i •+. r u - u c u 2 s>cmipit;t> pi ep c tie u  uy u u -p i tju ipuciiiu i i
oxidation states, associated with palladium species strongly interacting with ceria 
[13]. However, these bands were not present on those samples prepared by 
impregnation.Table 4-9 summarises the Pd species found in each of the catalysts, 
with their percentage based on total surface palladium calculated. The binding 
energy of the position of the bands is also detailed:
Table 4-9: Percentage of Pd-species found in the catalysts with different Pd-loadings prepared by wet 
impregnation (Pd/CeOa) and by co-precipitation with Ce3+ precursor ([Pd+Ce3+]) determined using XPS.
Sample a.u. % eV % eV % eV
[0.25Pd+Ce] 107.7 0 - 100 337.7343.0 0
-
0.25Pd/CeO2 67.0 0 - 100
337.7
343.0
0 -
[0.5Pd+Ce] 53.6 0 - 51.8 337.3
342.5
48.2 338.3
343.5
0.5Pd/CeO2 34.1 0 - 100
337.6
342.9
0 -
[0.75Pd+Ce] 47.5 0 - 44.2 337.7
343.0
55.8 339.5
344.8
0.75Pd/CeO2 29.9 14.2 336.5341.8
85.8
337.8
343.0
0 -
[1Pd+Ce] 46.2 0 - 100 337.9343.2 0 -
1 Pd/Ce02 25.5 16.6 336.3
341.9
83.4 337.6
343.0
0 -
[5Pd+Ce] 13.2 23.4 336.6341.8
76.6 337.5
342.8
0 -
5Pd/Ce02 10.6 50.7
336.2
341.5
49.3 337.9
343.1
0 -
unap te r4 : P d-U e02 samples prepared by co-preclpltation
PaflVI
V^n/v
[5Pd+Ce3+]
[1Pd+Ce3+]
336 340 342
Binding Energy I eV
[0.75Pd+CeJ+] 
[0.5Pd+Ce3+]
[0.25Pd+Ce3+]
344 346 348 350
5Pd/CeO;
1 Pd/CeO;
0.25Pd/CeO;
332 334 336  338 340 342 344 346 348 350
Binding Energy I eV
Figure 4-16: Pd3d XPS spectra. Comparison of Pd-Ce02 samples with different Pd-loadings prepared 
by co-precipitation with Ce3+ precursor (A) and by wet impregnation (B). The vertical lines point the
position of the different Pd species detected.
For the samples prepared by co-precipitation, the majority of Pd peaks were 
associated with Pd2+ and Pd° species [14]. It was also possible to notice an 
increase of the metallic Pd species when increasing Pd loading, likely due to an 
increase of Pd particle size. In addition, for the samples with low Pd loadings (0.5, 
and 0.75 wt%), there were also bands associated with higher Pd oxidation states,
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contributing to the suggestion of a highly strong Pd-Ce interaction in these 
samples [13, 16].
In contrast, the samples prepared by impregnation did not show any shift in the 
binding energy with increasing Pd loading. The band with the maximum intensity 
was associated with Pd2+ species, which appeared shifted to higher energy values 
than the reported reference value (336.8 and 342.06 ± 0.2 eV), as it is typical in 
NM-Ce02 supported samples due to Pd-Ce interaction [13, 16]. Another difference 
compared to the co-precipitated samples is the presence of metallic Pd from 
loadings as low as 0.5 wt% Pd; the amount of metallic species increased with 
Pd-loading due to the increase of particle size.
4.2.2.2. Metal dispersion analyses: CO chemisorption & EtOH-TPSR
The dispersion trends obtained for the impregnated and co-precipitated samples
were different as can be seen in Figure 4-17.
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Figure 4-17: Comparison of Pd dispersion measured by CO chemisorption on Pd-Ce02 samples with 
different Pd-loadings prepared by wet impregnation (dark blue) and by co-precipitation with Ce3+ 
precursor (light blue). Prior to the CO pulses, the samples were first pre-treated in H2 at 300 °C for
30 min and cooled down to 30 °C in He.
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The dispersion for those samples where Pd was impregnated on Ce02 showed 
similar dispersion values (all around 55 %), except for 5Pd/Ce02 which showed a 
significantly lower value (29 %), likely to be due to the formation of larger Pd 
particles. The dispersion values for the co-precipitated samples showed an initial 
increase when going from 0.25 wt% Pd to 0.5 wt% Pd (39 % and 51 %, 
respectively); following this, the increase of Pd loading led to a decrease in the 
dispersion (larger decrease than that seen for the impregnated catalysts). Overall, 
the impregnated samples showed a higher Pd dispersion compared to the 
co-precipitated samples.
In terms of Pd surface area, the values obtained from CO chemisorption and those 
obtained from EtOH-TPSR were plotted together for comparison (Figure 4-18).
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Figure 4-18: Comparison of Pd surface area on Pd-Ce02 samples with different Pd-loadings prepared 
by wet impregnation (Pd/Ce02) and by co-precipitation with Ce3+ precursor ([Pd+Ce3+])- Comparison of 
the values obtained from the CO-chemisorption (blue bars) and the EtOH-TPSR (orange markers)
methods.
Compared to the dispersion, the Pd surface area increased with Pd loading. This 
is because the metal surface area measures the total amount of surface Pd
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without taking into account the total number of metal atoms in the sample; thus the 
higher the Pd loading is, the more surface Pd the sample will contain. However, 
dispersion calculations correlate the metal surface area with the total metal loading 
on the material, and therefore the metal particle size has a significant impact on 
the dispersion. At higher Pd loadings the particles were found to be larger and 
thus a higher number of Pd atoms will be lost inside them, leading to a decrease 
on the dispersion.
Table 4-10 summarises the dispersion and metal surface areas values found 
during these experiments:
Table 4-10: Palladium surface area calculated by CO chemisorption and by EtOH-TPSR. The excess of 
surface area measured by the CO chemisorption was also represented as % to study the contribution 
of Pd-Ce interface sites12. CO chemisorption instrument standard error = ± 2% (for metal dispersion) 
and ± 0.04 m2 g'1 (for metal surface area); EtOH-TPSR instrument standard error = ± 0.1 m2 g'1.
Sample
Pd
dispersion
/%
Pd surface 
area
/ m2 g‘ 1
max ppm CH4 ■ g"' 
sample-ppm"1 
EtOH
Pd surface 
area
/ m2 g"1
CO adsorption attributed 
to interface sites
/%
0.25Pd/CeO2 52 0.6 0.8 0.4 33
[0.25Pd+Ce3t] 39 0.4 0.4 0.2 50
0.5Pd/CeO2 52 1.2 1.9 0.9 25
[0.5Pd+Ce3t] 51 1.1 1.1 0.5 54
0.75Pd/CeO2 57 1.9 3.0 1.4 26
|0.75Pd+Ce3'] 40 1.3 2.9 1.3 0
1 Pd/Ce02 58 2.6 3.6 1.7 35
[1 Pd+Ce3*] 38 1.7 3.5 1.6 6
5Pd/Ce02 30 6.7 4.6 2.1 69
[5Pd+Ce3 ] 25 5.5 4.6 2.1 62
12 This was done by calculating the difference between the Pd surface area values obtained from 
the CO chemisorption and from the EtOH-TPSR method, divided by the Pd surface area obtained 
from the CO chemisorption method and multiplied by 100 to express it as %.
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It is possible to see that with both methods the Pd surface area increased with Pd 
loading, although a larger increase was observed when using the CO 
chemisorption method. As discussed previously, the values obtained from the 
EtOH-TPSR technique are exclusively associated to Pd, whilst those obtained 
from CO chemisorption are also associated with CO adsorption at the Pd-Ce 
interface [2, 17]. At Pd loadings higher than 0.75 wt%, when comparing samples 
with the same Pd loading similar Pd surface areas were obtained (based on 
EtOH-TPSR) independently of the preparation method. However, when performing 
the same comparison but based on the CO chemisorption results, these 
suggested that the impregnated samples contained a higher Pd surface content 
than the co-precipitated samples. By contrast, at low Pd loadings (0.25 and 0.5 
wt% Pd), when comparing samples with the same Pd loading both methods 
(EtOH-TPSR and CO chemisorption) were in agreement showing a lower Pd 
surface area for the co-precipitated materials.
In addition, it was observed that the actual surface area values between these two 
methods were not the same, being in all cases lower for the EtOH-TPSR method.
This was especially noticeable for the [0.5Pd+Ce3+] sample. In Table 4-10 these 
differences are represented as a percentage; the bigger the percentage is, the 
larger the difference between CO chemisorption and EtOH-TPSR metal surface 
area values. These discrepancies suggested that for [0.5Pd+Ce3+] there was more 
CO adsorbing at the interface of Pd-Ce on the co-precipitated materials, whilst at 
higher loadings this occurred in a larger extent for the impregnated catalysts. The 
significantly lower dispersion of the co-precipitated [1Pd+Ce3+] and [5Pd+Ce3+] 
materials suggests that this behaviour could be due to the formation of bigger Pd 
particles (and therefore lower number of Pd-Ce interface sites) on these samples 
compared to their impregnated equivalent.
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4.2.3. Redox characterisation (TPR, OSC)
In section 4.1.4. it was shown that the samples prepared by co-precipitation had a 
sharper Pd-Ce reduction peak in H2-TPR studies, suggesting a significant 
interaction between the Pd and Ce. In order to determine if this level of interaction 
is maintained with the different Pd loadings, the reducibility of the new set of 
samples was studied. OSC tests were also performed to correlate the results with 
the TPR data.
4.2.3.1. H2-TPR
Figure 4-19 shows the H2-TPR profiles of the samples with different Pd loadings; 
the figures are all represented on the same scale for direct comparison. The peaks 
associated to non-promoted surface and bulk ceria reduction, at 350 and 800 °C 
respectively, were practically identical in all cases for both sets of samples.
For the samples prepared by co-precipitation, the peak at low temperature 
associated to the Pd-Ce reduction shifted to lower temperature when the Pd 
loading was increased, most certainly due to an increase of Pd particle size 
[3, 20]. This peak was sharp, appearing approximately at 135 °C for 0.25 wt% Pd, 
at 110 °C for 0.5 wt% Pd, at 115 °C for 0.75 wt% Pd, at 105 °C for 1 wt% Pd, and 
at 80 °C for 5 wt% Pd. For the 5 wt% Pd the peak was wider with a clear shoulder 
at 95 °C, which indicates the existence of more than one type of Pd species [20].
For the impregnated samples the Pd-Ce reduction peak also shifted to lower 
temperature with increasing palladium loading, likely due to an increase of Pd 
particle size [3, 20]. In the case of the impregnated samples, the peak was wider 
and less intense. Moreover, multiple shoulders around the main peaks could be 
observed, indicating that these samples are more heterogeneous than the
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samples prepared by co-precipitation. The reduction peak appeared approximately 
at 125 °C and 235 °C for 0.25 wt% Pd, at 90 °C and 205 °C for 0.5 wt% Pd, at 
100 °C for 0.75 wt% Pd, at 90 °C for 1 wt% Pd, and at 50 °C for 5 wt% Pd.
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Figure 4-19: H2-TPR of Pd-Ce02 samples with different Pd-loadings prepared by co-precipitation with 
Ce3+ precursor (A) and by wet impregnation (B). The sample taken was ~0.2 g, and the flow used was 
30 ml min'1 of 10% H2/N2 using 30 ml min'1 of N2 as carrier gas. The same scale was used in all cases
for a direct comparison of the peak intensities.
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The H2 consumption during this reduction, together with the peak temperature, can 
be seen in Table 4-11; it can be noticed that in all cases the samples prepared by 
co-precipitation consumed more H2, especially at loadings < 0.75 wt% Pd. This is 
likely to be due to a higher number of ceria atoms in contact with Pd undergoing 
simultaneous reduction [21]. Although the reduction of Pd-Ce indicated that this 
was a faster and more homogeneous process for the co-precipitated samples, the 
same reduction occurred overall at slightly lower temperature for the impregnated 
materials.
Table 4-11: Summary of peak positions and H2 consumption during H2-TPR experiments for Pd-Ce02 
samples with different Pd loadings prepared by impregnation (Pd/Ce02) and by co-precipitation with 
Ce3+ precursor ([Pd+Ce3+]). Average instrument standard error ± 0.02 mmol g'1.
Sample Peak temperature /°C
H2 consumed 
/ mmolg"1
0.25Pd/CeO2
125 °C 
235 °C 0.54
[0.25Pd+Ce3*] 135 °C 0.71
0.5Pd/CeO2
90 °C 
205 °C 0.58
[0.5Pd+Ce3*] 110 °C 0.64
0.75Pd/CeO2 100 °C 0.64
[0.75Pd+Ce3+] 115 °C 0.78
1 Pd/Ce02 90 °C 0.66
[1Pd+Ce3+] 105 °C 0.69
5Pd/C e02 50 °C 0.10
[5Pd+Ce3*]
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4,2.3.2. CO-TPR
The samples with different Pd-loadings were also evaluated by CO-TPR. The 
results can be seen in Figure 4-20 and Figure 4-21.
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Figure 4-20: CO-TPR of Pd-Ce02 samples with different Pd-loadings prepared by wet impregnation. CO 
consumption (A) and C02 formation (B) during CO-TPR. The samples were previously pre-treated 
under 50 ml min 1 of He at 500 °C. During the CO-TPR the flow consisted in 20 ml min'1 of 10%CO/He in
30 ml min'1 of He.
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Figure 4-21: CO-TPR of Pd-Ce02 samples with different Pd-loadings prepared by co-precipitation with 
Ce3+ precursor. (From top to bottom) CO consumption and CO2 formation during CO-TPR. The 
samples were previously pre-treated under 50 ml min'1 of He at 500 °C. During the CO-TPR the flow 
consisted in 20 ml min'1 of 1Q%CO/He in 30 mi min'! of He.
Similar to the results in section 1.4.2., for the impregnated samples with Pd 
loading lower than 1 wt%, CO consumption without consequent CO2 formation is 
observed at low temperature (up to 125 °C), suggesting that the adsorption rate of 
CO is faster than the reaction with the oxygen to form CO2. At higher Pd loadings, 
both profiles start following the same trend. For the co-precipitated materials, as
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the reaction with the CO occurred in most cases simultaneously to the CO 
adsorption, it appears that they have better oxygen mobility (thus, better Pd-Ce 
interaction).
In these trends it is possible to recognise the main peaks associated with surface 
PdOx reduction (peaks between 30-400 °C), surface C e02 reduction (peaks 
between 400-600 °C), and bulk C e02 reduction (peaks between 700-900 °C) 
[13,21].
The main differences between the two sets of samples were found for PdOx 
reduction. Table 4-12 summarises the temperatures found for the reduction of 
surface PdOx species, based on the CO consumption:
Table 4-12: Comparison of the temperatures corresponding to the surface PdOx reduction, based on 
the CO consumption during CO-TPR, of Pd-Ce02 samples with different Pd loadings prepared by 
impregnation and by co-precipitation with Ce3+precursor.
Co-precipitation Wet impregnation
0.25 wt% Pd
60 °C 
280 °C 
Small shoulder at 340 °C
Wide peak at 60 °C 
Wide peak at 115 °C 
260 °C
0.5 wt% Pd
75 °C 
290 °C 
Small shoulder at 360 °C
Wide peak at 60 °C 
Wide peak at 100 °C 
260 °C
0.75 wt% Pd
Shoulder at 65 °C 
Shoulder 130 °C 
270 °C
Wide peak at 80 °C 
250 °C
1 wt% Pd
Shoulder 75 °C 
Shoulder at 150 °C 
270 °C
Wide peak at 110 °C 
240 °C
5 wt% Pd
Shoulder at 60 °C 
Shoulder 150 °C 
230 °C 
Shoulder 405 °C
Shoulder at 80 °C 
Sharp peak at 140 °C 
260 °C 
300 °C
For the co-precipitated materials, the samples with the lowest loadings (0.25 and 
0.5 wt% Pd) showed two main peaks at 60-75 °C and at 280-290 °C for this 
reduction, whilst the same samples prepared by impregnation presented two
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overlapping shoulders at -6 0  °C and 95-115 °C, and a main peak at 260 °C. The 
higher reduction temperature for the co-precipitated materials and the better 
definition of the reduction peaks suggests that the Pd particles are smaller and/or 
interacting more strongly with ceria than in the impregnated materials [20]. In 
addition, the lower number of peaks for the co-precipitated materials is an 
indication of a better homogeneity of the Pd particles in these samples.
For the samples with higher Pd loadings (0.75, 1 and 5 wt% Pd), the 
co-precipitated materials started losing the well-defined low-temperature reduction 
peak, and instead peaks appeared as small shoulders, suggesting the presence of 
multiple Pd species. By contrast, the low temperature reduction peak for the 
impregnated samples increased in intensity the higher the Pd loading was. The 
profile of 5Pd/Ce02 differed from the profile of the other impregnated samples, 
where an extra peak at 140 °C could be identified. Based in published work, the 
presence of this intense peak suggests the formation of large Pd species that were 
not present on the samples with lower Pd loadings [20].
In all cases, the increase in Pd loading shifted the reduction peak corresponding to 
the reduction of PdOx species to lower temperature, most certainly due to an 
increase in Pd particle size [20]. Overall, those samples prepared by impregnation 
showed that the reduction occurred at slightly lower temperature than for those 
prepared by co-precipitation. The results seen here, agreed with the results 
obtained by H2-TPR.
4.2.S.3. Oxygen Storage Capacity (OSC)
The impact of the Pd loading and the preparation method on the OSC was 
studied. Figure 4-22 shows the results obtained for the co-precipitated and
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impregnated materials, respectively. For the co-precipitated set the OSC 
performance did not seem to depend highly on Pd loading; it was only at 5 wt% Pd 
that it was possible to see a significant increase in the OSC. The impregnated 
materials however showed a high dependence on palladium loading, with 
increasing OSC with increased loading.
0
50 100 150 200 250 300 350 400 450
Temperature I °C
700 
600 
-  500C!0
1 400 
u
-*-(0.25Pd*C e(IH )l 
—  [0 5Ptl+Ce(lll)] 
[0 75Pd+Ce(lli)J 
-*-[1P d*C e(lll)j 
(5Pd+Ce(lll))
Figure 4-22: Oxygen storage capacity of Pd-Ce02 samples with different Pd-loadings prepared by 
co-precipitation with Ce3+ precursor (A) and by wet impregnation (B). The OSC measurement was 
performed alternating switches between O2 {10 ml min'1 of 5 %0 2 /He) and CO (10 ml min'1 of 
10 %CO/He) using He as a carrier gas (90 ml min'1) at steady state temperatures. OSC instrument
average standard error = ± 8 pmol O g'1.
To compare the performance of both sets of samples the difference between the 
OSC values from the co-precipitated catalysts and the impregnated samples was 
calculated and represented against the temperature for each of the palladium 
loadings. The results can be seen in Figure 4-23. It is possible to appreciate that 
for low Pd loadings (< 1 wt%) the co-precipitation method led to higher OSC 
values than the impregnation method. For most loadings, the difference between 
the OSC values of the impregnated and co-precipitated materials was more 
evident with increasing temperature. At high temperature there is a higher 
contribution of unpromoted surface and bulk ceria (as indicated by the TPR
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measurements), thus this could indicate that more oxygen is accessed on the 
co-precipitated materials.
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Figure 4-23: OSC difference between co-precipitated and impregnated Pd-Ce02 materials with different 
Pd loadings. Positive numbers mean that the co-precipitated sample at that loading is superior, whilst 
negative values mean that the impregnated sample at that loading is better.
Ceria efficiency was also calculated. In order to focus only on ceria efficiency the 
contribution from palladium was extracted13. The values below 350 °C should only 
be taken as qualitative information, as it was assumed that complete oxidation of 
PdO occurred. The efficiency has been represented against palladium loading at 
100 °C, 200 °C, 300 °C, and 400 °C. The results for the co-precipitated and the 
impregnated samples are given in Figure 4-24.
It can be seen that the profiles for both sets of samples were different. For the co- 
precipitated set, the sample with the highest efficiency was 0.5 wt% Pd between 
100-200 °C, at higher temperatures also 0.25 wt% Pd (at 400 °C) and 0.75 wt% Pd 
(at 300 °C) showed similar or even higher values. For the impregnated set of 
samples, the increase of Pd loading led to an increase of ceria efficiency for OSC,
~*-0.25Pd -•-0.5Pd 0.75Pd -*-1P d  5Pd
400
13 Refer to Appendix 2 for a detailed explanation of how to calculate ceria efficiency. Complete 
reduction of PdO is assumed for all the efficiency calculations.
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resulting in 5 wt% Pd being the most efficient catalyst in terms of ceria utilisation.
The negative values at 100 °C were due to the extraction of palladium contribution, 
as it is assumed a 100% contribution from the noble metal, however at this 
temperature the complete reduction of Pd has not occurred (as CO-TPR showed). 
Therefore, these values appear lower than they should be.
10
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Figure 4-24: Ce02 efficiency in terms of oxygen storage capacity for Pd-Ce02 samples with different 
Pd-loadings prepared by co-precipitation with Ce3+ precursor (A) and by wet impregnation (B).
Overall, for up to 0.75 wt% Pd the catalysts prepared using the co-precipitation 
method showed a better usage of the oxygen from the ceria; this is particularly 
significant at temperatures of 300 °C and higher. At higher Pd loadings it is the 
impregnation method which leads to a better oxygen usage. The overall 
improvement in OSC performance of the co-precipitated samples is likely to be a 
consequence of the higher number of Pd-Ce interfaces in these catalysts.
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4.2 .4 . K inetic  characterisation: C O -S S IT K A
The CO oxidation reaction rate was also studied for some of these catalysts. A 
sample with lower Pd loading (0.25 wt% Pd) and a sample with higher Pd loading 
(5 wt% Pd) were analysed in addition to the previously measured (0.5 wt% Pd), to 
see how the loading affects the reaction rate. These results can be seen in Figure 
4-25.
For the samples with the lowest Pd loading (0.25 wt% Pd), the impregnated 
sample showed slightly faster reaction rate than the co-precipitated version. For 
the samples with the highest Pd loading (5 wt% Pd), the impregnated sample 
showed significantly faster reaction rate than the co-precipitated sample. This is in 
contrast to the results shown previously for the co-precipitated [0.5Pd+Ce3+] 
catalyst, which showed a faster reaction rate than the impregnated 0.5Pd/CeO2.
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Figure 4-25: Comparison of the CO oxidation reaction rate at steady state temperatures for Pd“Ce02 
samples with different Pd-loadings, prepared by impregnation and by co-precipitation with Ce3+ 
precursor. The gas flows used were 52.5 ml min'1 of 5% O^He, 5.5 ml min'1 of 1%CO/5%Ar/He (12C) and 
5.5 ml min'1 of 1%CO/He (13C). The average reaction rate standard error was ±0.01 pmol g'1 s'1.
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The reaction orders were also calculated for these samples. The equation rate and 
the activation energy (Ea) can be found in Table 4-13:
Table 4-13: Equation rate and £ a for CO oxidation over Pd-Ce02 samples with different Pd-loadings 
prepared by wet impregnation (Pd/CeOa) and by co-precipitation with Ce3+ precursor {[Pd+Ce3+]). The 
standard errors for £ a are shown between brakets next to the values.
0.25Pd/CeO2 r  = k [CO] 35 (± 1)
[0.25Pd+Ce3+] r = k  [CO] 54 (± 8)
0.5Pd/CeO2 r - k  [CO] 27 (± 2)
[0.5Pd+Ce3+] r - k  [CO] 11 (±<1)
5Pd/Ce02 r = k  [CO] 3 (± <1)
[5Pd+Ce3+] r - k  [CO] 5 (±<1)
All the reaction orders appeared to be zero with respect to 0 2 concentration, and 1 
with respect to CO concentration. No differences were found with respect to the 
Pd-loading, suggesting that all the catalysts followed the same mechanism based 
on the reaction between the CO adsorbed on Pd sites and the oxygen from the 
C e02 [27].
However, Ea decreased with increasing Pd-loading, most probably due to the 
creation of more active sites. In terms of the influence of the preparation method, 
only the sample with 0.5 wt% Pd prepared by co-precipitation showed a lower Ea 
value than the impregnated samples with the same loading: [0.25Pd+Ce3+] and 
[5Pd+Ce3+] showed a higher Ea value than 0.25Pd/CeO2 and 5Pd/Ce02, 
respectively. This is likely to be related to a lower Pd surface content, since 
[0.25Pd+Ce3+] and [5Pd+Ce3+] were seen to contain less surface Pd than 
0.25Pd/CeO2 and 5Pd/Ce02 during metal surface area measurements (section
4.2.2.).
These results agree with the characterisation performed, which indicated that 
there is an optimum Pd loading to obtain the best Pd-Ce interaction with the
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co-precipitation method over the impregnated version, which correspond to 
0.5 wt% Pd (based on the loadings analysed in this study).
4.2.5. Light-off performance
The OSC has been seen to directly correlate with the final conversion of the 
pollutants during a perturbed light-off test. Thus, as the OSC of the Pd-Ce02 
samples with different Pd loadings was already evaluated, the perturbed light-off 
was not performed in this case.
However, the light-off temperature was seen to be largely influenced by the 
catalytic surface. Thus, the activity of the samples was only evaluated under 
cold-start conditions to study how the different surfaces impact the light-off, since 
significant differences were found on these catalysts depending on their 
preparation method (impregnation or co-precipitation).
4.2.5.1. Cold-start conditions
All the samples were tested under typical cold-start conditions. The profiles can be 
seen in Figure 4-26; in addition, to simplify their comparison, the results are 
summarised in Table 4-14 comparing the T50 for CO, NOx, and HC. The values of 
the difference of T50 between co-precipitated and impregnated samples are also 
included in the table; positive numbers mean that the impregnated catalyst has a 
lower temperature light-off (meaning better performance), and negative values the 
opposite.
For this test, the co-precipitation method showed a small advantage over the 
impregnation method only for Pd loading of 0.5 wt% for CO oxidation light-off (as 
shown in section 4.1.6.1); all the other light-offs did not differ greatly between
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sam ples prepared using the different techniques with s im ilar Pd loadings. It was 
on ly  the sam ple with 5 wt%  Pd tha t showed the biggest d ifference in perform ance 
between both preparation m ethods, w ith the im pregnated 5 P d /C e 0 2  show ing 
better results than the [5Pd+C e3+] sample.
In previous experim ents (section 4 .1 .6 ) it was shown tha t the ligh t-o ff depended on 
palladium  surface content (ligh t-o ff tem perature decreases w ith increasing Pd 
surface content) [33, 34, 41]. This is in accordance with the conclusions obta ined 
during the characterisation of these sam ples, where it was seen, based on CO 
chem isorption, that the Pd surface areas (Pd together with Pd-Ce in terface sites) 
were s im ila r fo r equal Pd loadings independently o f the preparation m ethod. The 
d iffe rences between co-precip ita ted and im pregnated m ateria ls w ere  especia lly  
noticeable at 1 and 5 wt% Pd loadings, with the im pregnated m ateria ls conta in ing 
larger Pd surface areas. The higher surface Pd content o f the im pregnated 
5 P d /C e 0 2  sam ple was then responsib le o f the better ligh t-o ff perform ance.
Table 4-14: Necessary temperature for 50% conversion of CO, NOx and HC during a light-off test under 
constant lambda at 0.95 for Pd-Ce02 samples with different loadings prepared by impregnation 
(Pd/Ce02) and by co-precipitation with Ce3+ precursor ([Pd+Ce3+])- AT50 refer to the difference between 
the values obtained for the co-precipitated and the impregnated samples. Light-off instrument average
standard error = ± 2 °C.
0.25Pd/CeO2 275
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Figure 4-26: From top to bottom, CO, NOx and HC light-off performance under constant lambda at 0.95 
of Pd-Ce02 catalysts prepared by impregnation (thin lines) and by co-precipitation using Ce3+ 
precursor (thicker lines). The sample taken was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow 
rate 2 L min'1. The catalyst was heated using a ramp rate of 10 °C min'1 from 100 to 400 °C.
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Overall, the co-precipitation method does not seem a good method to improve the 
light-off activity under these conditions, as similar performances were found 
independently of the preparation method. The biggest impact on the light-off was 
brought by the Pd loading, with higher Pd loadings leading to a shift in the light-off 
towards lower temperature. This is merely due to an increase of surface active 
sites.
4 .2 .6 . S um m ary
As shown in section 4.1., the co-precipitation method has demonstrated an 
advantage over the impregnation method for catalysts with 0.5 wt% loading by 
increasing the number of Pd and Ce atoms in contact [4]. However, this method 
has been seen to be advantageous over the impregnation method only at low 
Pd-loadings (< 1 wt% Pd). These low Pd loaded catalysts prepared by 
co-precipitation presented an improved OSC, compared to their impregnated 
versions, due to an easier oxygen transfer [2, 17]. Unfortunately, the 
co-precipitation method led to higher light-off temperatures compared to the 
impregnation method. At Pd loadings lower than 1 wt%, the light-off profiles were 
almost identical when comparing the same Pd loadings, due to the similar Pd 
surface content of the samples, which was found to be independent of the 
preparation method used; at Pd loadings of 5 wt%, the impregnated sample 
showed a better performance due to a greater Pd surface content than the 
co-precipitated sample [33, 34, 41].
At higher Pd loadings (> 1 wt% Pd) the metal dispersion decreased suggesting the 
formation of bigger Pd particles, and therefore a lower presence of ionic dispersed 
species which are less active [1]. In addition, the impregnated catalysts contained
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higher Pd-surface areas, as with this method the Pd is only placed at the surface 
of the support, whilst with the co-precipitation method some particles are 
embedded within the ceria or can agglomerate easily during the preparation 
leading to bigger Pd particle sizes [8]. Therefore, even if the co-precipitated 
materials still maintain a high interaction between Pd and Ce atoms (especially 
noticeable by the sharp peaks during the H2-TPR), the lower availability of these 
sites makes them less active than the impregnated versions at these higher Pd 
loadings.
A summary of the key results can be seen in the following table (Table 4-15):
Table 4-15: Summary of the key results comparing Pd-Ce02 samples prepared by impregnation and by 
co-precipitation at Pd loadings of and less than 0.75 wt% (left), and Pd loadings of and more than
1 wt% (right).
Impregnated Co-precipitated Impregnated
Co-
precipitated
XPS Bands attributed to Pd2* and Pd°
Bands 
attributed to
P d (2 + Y )+
Bands attributed 
to Pd2+ and Pd°
Bands 
attributed to 
Pd2+ and Pd°
CO
chemisorption 
& EtOH-TPSR
Less CO 
adsorbing at the 
Pd-Ce interface.
More CO 
adsorbing at the 
Pd-Ce 
interface.
More CO 
adsorbing at the 
Pd-Ce interface.
Less CO 
adsorbing at 
the Pd-Ce 
interface.
TPR
Multiple and 
wide Pd-Ce 
reduction peaks
Single sharp 
Pd-Ce 
reduction peak
Multiple and 
wide Pd-Ce 
reduction peaks
Sharp Pd-Ce 
reduction peak 
with shoulders
OSC Worse Better Better
1 Pd/Ce02 still 
better, but 
5Pd/Ce02 
worse
CO-ITK
0.25 wt% Pd 
had slightly 
higher rate 
0.5 wt% Pd had 
slower rate
0.25 wt% Pd 
had slightly 
lower rate 
0.5 wt% Pd had 
faster rate
5 wt% Pd had 
faster rate
5 wt% Pd had 
slower rate
Light-off
temperature
Higher light-off 
T Lower light-off T Lower light-off T
Higher light-off 
T
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5. Co-precipitation of [Pd+Ce+Zr]
Ce-Zr mixed oxides are widely used in TWC as they show better durability than 
Ce02, due to Zr higher thermal stability, and improved OSC [1-3]. The OSC can be 
3-5 times higher when Zr is added to the ceria lattice; the incorporation of this 
smaller atom creates a distortion on the structure that improves the oxygen 
mobility (Ionic radius: Zr4+ = 0.84 A; Ce4+ = 0.97 A, Ce3+ = 1.14 A) [4-7],
In an attempt to increase the thermal stability and the OSC of the improved co- 
precipitated [Pd+Ce3+] samples, Zr was added to the ceria structure in a Ce:Zr 1:1 
molar ratio. The reference palladium loading used was 0.5 wt% Pd (the same 
loading used to study the impact of the Ce-precursor); however, as it was seen 
that the Pd:Ce ratio was important for [Pd+Ce3+] preparations, and that the highest 
performance was obtained for 0.5 wt% Pd-Ce02, samples based on 0.25 wt% 
Pd-CeZr were also prepared to keep the same Pd:Ce ratio. The co-precipitated 
samples will be referred here as [Pd+Ce+Zr] and the impregnated as Pd/CeZr.
The reference materials were prepared by impregnation of Pd(NOa)2 solution on a 
CeZr (1:1 molar) support, previously prepared by co-precipitating Ce(N0 3 )3‘6 H20  
and ZrO(NOs)2. The samples were then dried at 105 °C and calcined at 650 °C for 
2h for a completed decomposition of the precursors (based on TGA analyses). For 
more details about the preparation refer to Chapter 2.
5.1. Catalysis preparation: observations
During the precipitation of these catalysts it was observed that the redox reaction 
between Pd2+ and Ce3+ still occurred even in the presence of Z r0 2+ ions. This was 
obvious due to the dark colour of the precipitate obtained, which is a sign of
unapter b: uo-precipitation or LHb+ue+zrj f . jjpg) j
metallic Pd [8 ]. The samples again turned yellow once calcined, suggesting the 
re-oxidation of metallic Pd to PdO.
5.2. Structural characterisation
The main aim of this characterisation was to determine whether Ce- and 
Zr-precursors formed the required CeZr mixed oxide, in a CeZr 1:1 molar ratio. In 
addition, the lattice parameter was carefully evaluated to look for any evidence of 
palladium in these samples.
5.2.1. X-Ray Diffraction (XRD)
XRD analyses showed that all samples presented tetragonal CexZri_x0 2  like 
phases with low crystallinity (Figure 5-1). The main phase appeared to be a CeZr 
mixed oxide with lattice parameters close to, but smaller than Ceo.5Zro.5O2. Due to 
Zr4+ being a smaller ion than Ce4+, the shift to lower angles suggests that this 
phase was slightly richer in Zr, [5, 6 , 9].
The lattice parameters of the co-precipitated materials were directly compared to 
those of the impregnated reference samples. This can be seen in Table 5-1, where 
it is possible to appreciate that the lattice parameters practically remained 
unchanged, thus suggesting that no Pd was added to the CeZr structure. This is 
consistent with the results observed for the Pd.Ce0 2  catalysts studied in 
Chapter 4, where in neither case were there any indications of Pd being added to 
the ceria structure.
The ceria crystallite size was similar for all catalysts but for the [0.5Pd+Ce+Zr] 
sample. The reason for this increase is unknown.
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Figure 5-1: XRD patterns of Pd-CeZr samples with different Pd-loadings prepared by wet impregnation 
(Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]).The peaks corresponding to the 
tetragonal cubic Ceo.5Zro.5O2 phase are indicated as (*).
Table 5-1: Lattice parameters and CeZr crystallite size analysed by XRD, and specific surface area 
calculated by BET, of Pd-CeZr samples with different Pd loadings prepared by wet impregnation on 
CeZr (Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). Calculated errors (reported 
in brackets) for crystallite size (nm) refer to the last significant figure; BET-SSA instrument standard
error = ± 4 m 2 g'1.
Ceo.5zro.502 
Reference [10]
a = 3.720 
c = 5.304 - - -
0.25Pd/Ceo.5Zro.502 a = 3.702 c=  5.393 3.33 (± 0.05) 123 0.26
[0.25Pd+Ce+Zr] a = 3.707 c = 5.357 3.39 (± 0.06) 125 0.24
0.5Pd/Ceo.5Zro.502 a = 3.703 c = 5.387 3.30 (± 0.05) 124 0.49
[0.5Pd+Ce+Zr] a = 3.711 c = 5.348 4.58 (± 0.05) 121 0.51
The specific surface area was also compared in Table 5-1. All samples showed 
similar SSA values (between 121-125 m2 g '1). Therefore, the different palladium
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loadings or the preparation methods used did not have any impact on the specific 
surface area. Since similar preparation conditions (i.e. precursors, temperature, 
precipitant base...) were used to precipitate the CeZr support for the impregnated 
catalysts, and for the co-precipitated materials, no changes in the specific surface 
area were expected.
5.3. Surface characterisation
The main interest in the surface characterisation was to study the surface 
composition of these new materials and explore how the different Pd-loadings 
affected the interaction with the support, depending on the preparation method 
used. The samples were analysed by XPS, CO chemisorption and EtOH-TPSR.
5.3.1. X-Ray Photoelectron Spectroscopy (XPS)
Ce3d XPS spectra were recorded for all the samples (Figure 5-2). No significant 
differences were found between the profiles, which showed that most of the ceria 
on the near surface was present as Ce4+; only 25-27 % of the surface Ce was 
present as Ce3+ [11]. The realistic quantification of Ce3+ cations was not possible 
as Ce4+ can suffer spontaneous reduction under high vacuum condition and X-ray 
irradiation, thus the values shown here should be treated with caution [12]. These 
results agree with the previous results found for [Pd+Ce3+], where it was shown 
that most of the Ce3+ was present as Ce4+ due to the re-oxidation of the Ce3+ from 
the precursor during the calcination process.
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Figure 5-2: Ce3d spectra obtained by XPS comparing the cerium species found in Pd-CeZr samples 
with different Pd-loadings prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ 
precursor ([Pd+Ce+Zr]). The bands u, v, u”, v”, u’” and v” ’ are related to Ce4+ species, whilst u’ and v’
are assigned to Ce3+.
In the case of CeZr-based materials it was not possible to interpret Pd3d signals 
due to the overlap with Zr3p peaks [11] (Figure 5-3). Therefore, no information 
regarding Pd-Ce interaction could be obtained from these analyses. Only a small 
shoulder at 337.7 eV (Pd3d5/2) was detected for those samples containing 
0.5 wt% Pd, which seemed to correspond to Pd2+. As was mentioned in Chapter 4, 
Pd2+ bands should appear at 336.8 and 342.06 ± 0.2 eV; the presence of these 
bands would indicate a strong Pd-Ce interaction [13]. This shoulder had poor 
definition, thus it was not possible to conclude anything regarding the level of 
Pd-Ce interaction on the [0.5Pd+Ce+Zr] and 0.5Pd/CeZr samples.
Regarding near surface Zr, Zr3p bands from both sets of samples appeared at the 
same positions (332.7 and 346.4 eV) which both correspond to Zr4+ [11].
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Figure 5-3: Pd3d and Zr3p spectra obtained by XPS comparing Pd-CeZr samples with different 
Pd-loadings prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor 
([Pd+Ce+Zr]).The red vertical lines point the positions of Zr3p bands, whilst the black vertical lines 
point the positions where the different Pd species should be detected (these last are not visible due to
the overlap of Zr3p and Pd3d signals).
The Ce/Zr atomic ratio was also calculated to study the homogeneity of the CeZr 
mixed oxide at the surface. Table 5-2 shows these results.
Table 5-2: Ce/Zr atomic ratios calculated by XPS, comparing Pd-CeZr samples with different 
Pd-loadings prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor
([Pd+Ce+Zr]).
[0.25Pd+Ce+Zr] 1.0
0.25Pd/CeZr 1.0
[0.5Pd+Ce+Zr] 0.9
0.5Pd/CeZr 0.9
XRD analyses showed that the mixed oxide formed was close to Ce:Zr 1:1 molar 
ratio (slightly richer in Zr), therefore a surface Ce/Zr atomic ratio close to 1.0 was
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expected. The atomic ratios values were between 0.9 and 1.0, in agreement with 
the bulk composition obtained by XRD.
5.3.2. Metal dispersion analyses: CO chemlsorption & EtOH-TPSR 
To estimate the surface palladium content, the samples were submitted to CO 
chemisorption and EtOH-TPSR analyses. The results are summarised in 
Table 5-3. It was observed that the surface Pd content doubled when the Pd 
loading was increased from 0.25 wt% to 0.5 wt% and that this was independent of 
the preparation method used.
When comparing the values obtained for each preparation method between 
samples with similar Pd loadings different results were obtained from CO 
chemisorption and EtOH-TPSR methods. With the EtOH-TPSR, it was observed 
that the Pd surface areas obtained were identical irrespective of the preparation 
method; however, with CO chemisorption, a small decrease could be observed for 
the co-precipitated materials compared to the impregnated samples. This 
decrease was not significant for [0.25Pd+Ce+Zr] compared to 0.25Pd/CeZr, but it 
was slightly larger for [0.5Pd+Ce+Zr] compared to 0.5Pd/CeZr. Also, lower Pd 
dispersions were obtained for both co-precipitated samples in comparison with the 
impregnated catalysts, suggesting the formation of slightly bigger Pd particles, or 
some encapsulation or decoration by the CeZr.
In Chapter 4 it was shown that Pd-CeC>2 samples prepared by co-precipitation 
always showed a smaller Pd surface area compared to the impregnated Pd/CeC>2 
catalysts with similar loadings. Based on this and the other characterisation 
performed it was concluded that the lower Pd surface content obtained on the 
co-precipitated materials was due to a partial ceria decoration. Here, for Pd-CeZr
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catalysts, no differences were found on Pd surface content (based on EtOH-TPSR 
results). Thus, based on these results only, no firm conclusions can be obtained, 
however this could initially suggest that low or no decoration occurred when Zr 
was present during the co-precipitation preparation. This could not be determined 
experimentally, as the quantification of Pd with XPS could not be possible due to 
the overlap with Zr3p peaks.
Table 5-3: Pd dispersion and Pd surface area measured by CO-chemisorption, and Pd surface area by 
EtOH-TPSR, of Pd-CeZr samples with different Pd-loadings prepared by wet impregnation (Pd/CeZr) 
and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). CO chemisorption instrument standard error 
= ± 2% (for metal dispersion) and ± 0.04 m2 g'1 (for metal surface area); EtOH-TPSR instrument
standard error = ± 0.1 m2 g'1.
Sample
Pd dispersion
/%
Pd surface area
/ m V
max ppm CH4 g 
sample1 ppm EtOH'1
Pd surface area
/ m2 g'1
0.25Pd/Ceo.5Z r 0 .5 O 2 56 0.6 1 . 2 0.6
[0.25Pd+Ce+Zr] 43 0.5 1 . 2 0.6
0.5Pd/Ce 0 .5Zro.5C)2 56 1.3 2.6 1 . 2
[0.5Pd+Ce+Zr] 40 0.9 2.5 1 . 2
In addition, compared to similar preparations on Pd-Ce02, the metal surface area 
obtained on Pd-CeZr appeared higher than that on Pd-Ce02 (Table 5-4). This 
could be due to their different thermal stabilities. C e02 suffers more sintering due 
to a poorer thermal stability than CeZr, promoting simultaneously the sintering of 
the supported metal [1, 2].
In contrast to Pd-Ce02 catalysts, for the Pd-CeZr catalysts the metal surface areas 
obtained from both methods (CO chemisorption and EtOH-TPSR) did not differ 
significantly, suggesting little contribution from Pd-Ce interface sites or a change in 
CO:Pd stoichiometry during CO chemisorption (compared to the assumed 
stoichiometry for the Pd-Ce02 samples).
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Table 5-4: Pd surface area calculated by EtOH-TPSR, comparing samples based on Pd-Ce02 and 
Pd-CeZr prepared by impregnation and by co-precipitation. Ce3+ precursor was used for all the
different co-precipitations.
0.25Pd-CeO2 0.4 0.2
0.25Pd-CeZr 0.6 0.6
0.5Pd-CeO2 0.9 0.5
0.5Pd-CeZr 1.2 1.2
5.4. R edox characterisation  (TPR , O SC)
TPR experiments were found to be useful to study the reducibility in the Pd-Ce on 
Pd-Ce02 catalysts, and understand more about the Pd-Ce interaction. The same 
approach was therefore used here.
OSC measurements were also performed. In this case, a significantly higher OSC, 
compared to the C e02 samples, was expected due to the distortion that Zr brings 
to the CeZr crystal structure [5-7, 12].
5.4.1. H2-TPR
The H2-TPR profiles of Pd-CeZr samples shown in Figure 5-4 contained two 
peaks. The peak at —110 °C corresponded to the reduction of PdOxand promoted 
ceria, and the peak at ~350 °C to the reduction of CeZr (bulk and non-promoted 
surface reduction occurs simultaneously in CeZr) [5, 14, 15].
The reduction temperature of Pd-Ce was not affected by the preparation method. 
It was only the increase of the Pd loading that shifted the reduction peak from 
~105 °C to ~95 °C. Since the dispersion values shown in section 5.3.2. were
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similar for 0.25 and 0.5 wt% Pd-CeZr samples prepared by the same method, the 
shift to lower temperature may not be related to an increase in Pd particle size; 
this could possibly have occurred due to a change in the strength of Pd-Ce 
interaction, with 0.25 wt% Pd samples leading to a stronger Pd-Ce interaction (the 
stronger the interaction with the support, the higher the reduction temperature) [9].
In terms of the peak’s shape, the reduction seen for the co-precipitated samples 
occurred slightly faster (sharper peak) than for the impregnated sample, as was 
already seen previously for the Pd-CeC>2 co-precipitated samples in Chapter 4. A 
summary with the reduction temperatures and H2 consumption for Pd-Ce and 
CeZr can be found in Table 5-5.
The amount of H2 consumption associated to PdOx was larger than the theoretical 
value, due to H2 being spilled over from the Pd onto the support [9, 15, 16]. For 
this reason the reduction at this temperature is referred to as Pd-Ce reduction 
(PdOx and promoted ceria). For the 0.25 wt% Pd samples, the co-precipitated 
material consumed more H2 (0.54 mmol g'1 consumed by 0.25Pd/CeZr and 0.74 
mmol g'1 by [0.25Pd+Ce+Zr]), whilst only a small increase was obtained for the 0.5 
wt% Pd co-precipitated sample (0.70 mmol g"1 consumed by 0.5Pd/CeZr and 0.77 
mmol g'1 by [0.5Pd+Ce+Zr]). This suggests that a larger number of Pd atoms 
could have been placed in contact with the ceria when using the co-precipitation 
method, especially at the lowest Pd loading [16, 17].
The total H2 consumption during the reduction of CeZr (surface and bulk) appears 
to be affected by the preparation method used, but to be independent of Pd 
loading (0.23 -  0.28 mmol g'1 for the impregnated samples, and 
0 . 1 6 - 0 . 1 7  mmol g‘1 for the co-precipitated samples). Since the CeZr crystallite 
sizes and SSA-BET values of these samples were similar, the lower values for the 
co-precipitated samples could be due to a fewer number of un-promoted ceria
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sites (not in contact with Pd), as these samples have shown to have a greater 
number of Pd sites in contact with Ce than those samples prepared by 
impregnation.
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Figure 5-4: H2-TPR of Pd-CeZr samples with different Pd-loadings prepared by wet impregnation 
(Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). The sample taken was -0.2 g, and 
the flow used was 30 ml min'1 of 10% H2/N2 using 30 ml min'1 of N2 as carrier gas.
Overall, Pd-Ce reduction peak appeared particularly sharp for the co-precipitated 
materials, suggesting that a better Pd-Ce contact is created during the 
co-precipitation of [Pd+Ce+Zr].
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Table 5-5: Summary of the temperatures corresponding to the PdOx-Ce and CeZr reductions and their 
consequent H2 consumption, for Pd-CeZr samples with different Pd-loadings prepared by wet 
impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). Average instrument
standard error ± 0.02 mmol g'1.
Reduction h 2 Reduction h 2
Sample temperature consumed temperature consumed
/°C / mmol g’1 /°C / mmol g’1
0.25Pd/CeZr 104 °C 0.54 257 -  447 °C 0.23
[0.25Pd+Ce+Zr] 112 °C 0.74 271 -  436 °C 0.17
0.5Pd/CeZr 93 °C 0.70 225 -  441 °C 0.28
[0.5Pd+Ce+Zr] 99 °C 0.77 253 -  395 °C 0.16
5.4.2. CO-TPR
The CO-TPR profiles for these samples can be found in Figure 5-5. Similar to the 
H2-TPR experiments, surface and bulk CeZr reduction occurred simultaneously 
around 350 -4 0 0  °C; in addition, PdOx reduction appeared at temperatures below 
200 °C, and the reduction of Pd-Ce (PdOx and promoted ceria) at -  300 °C [16].
CO consumption and C 0 2 formation profiles showed a wide peak between 60 °C 
and 200 °C for all samples, which is associated with PdOx reduction not in contact 
with Ce. It was noticed that this peak had a maximum at -120 °C for 0.25Pd/CeZr 
and 0.5Pd/CeZr, and at -140 °C for [0.25Pd+Ce+Zr] and [0.5Pd+Ce+Zr], with the 
reduction temperature just depending on the preparation method used and not on 
the Pd loading. Similarly, the reduction associated to PdOx in contact with Ce 
(Pd-Ce) appeared approximately at 270 °C for 0.25Pd/CeZr and 0.5Pd/CeZr and 
at 300 °C for [0.25Pd+Ce+Zr] and [0.5Pd+Ce+Zr], The slightly higher reduction 
temperatures obtained for the co-precipitated materials can be associated to 
smaller Pd particles and/or to a stronger interaction with Ce compared to the
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impregnated catalysts [16]. Since surface analyses showed that Pd surface areas 
were similar for samples with the same loading prepared by the two different 
methods, this suggests that the shift to higher temperature was due to a higher 
Pd-Ce interaction.
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Figure 5-5: CO-TPR of Pd-CeZr samples with different Pd-loadings prepared by wet impregnation 
(Pd/CeZr) and by co-precipitation with Ce3+ precursor {[Pd+Ce+Zr]). (From top to bottom) CO 
consumption, and CO2 formation during CO-TPR. The samples were previously pre-treated under 
50 ml min'1 of He at 500 °C. During the CO-TPR the flow consisted in 20 ml min'1 of 10%CO/He in
30 ml min'1 of He.
The intensity of the Pd-Ce peak depends on Pd loading, as can be seen in 
Figure 5-5, where this peak was more intense for the samples with 0.5 wt% Pd due
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to a higher number of Pd atoms. The wide shape of the Pd-Ce reduction peaks 
suggests that it overlaps with that for the reduction of CeZr (350-400 °C) [16].
5.4.3. Oxygen Storage Capacity (OSC)
The OSC measured for these sets of samples can be seen in Figure 5-6, where 
the OSC values have been represented against temperature. Here the Pd-CeZr 
samples were also compared to an impregnated Pd-Ce02 catalyst with similar 
noble metal content, to emphasise the increase of OSC achieved when using 
CeZr materials compared to C e02 [6, 7,12].
As can be seen, the co-precipitated [0.5Pd+Ce+Zr] had a similar OSC in the low 
temperature region (100-250 °C) as the equivalent sample prepared by 
impregnation, but measured a lower capacity at temperatures higher than 250 °C 
(at 400 °C, 0.5Pd/CeO2 contained 574 pmol O g"1, whilst [0.5Pd+Ce+Zr] only 
382 pmol O g'1). In contrast, the [0.25Pd+Ce+Zr] sample showed a better OSC 
than the equivalent impregnated sample at temperatures higher than 150 °C (at 
400 °C, 0.25Pd/CeO2 contained 432 pmol O g"1, and [0.25Pd+Ce+Zr] 
726 pmol O g"1).
Compared to [0.5Pd+Ce3+], the [0.5Pd+Ce+Zr] sample exhibited lower OSC 
values. Both samples followed the same trend, but [0.5Pd+Ce3+] showed an 
improvement of 50 -  80 pmol O g'1 in the whole temperature region analysed here. 
On the other hand, [0.25Pd+Ce3+] showed a lower OSC than [0.25Pd+Ce+Zr] at 
temperatures higher than 250 °C. This improvement was of more than 
200 pmol O g_1.
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Figure 5-6: Comparison of the oxygen storage capacity of Pd-CeZr samples with different Pd-loadings 
prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). 
0.5 wt% Pd loaded samples (A); 0.25 wt% Pd loaded samples (B). 0.25Pd-CeO2 and 0.5Pd-CeO2 
prepared by impregnation and by co-precipitation have been also plotted to emphasise the increase of 
OSC when using CeZr materials. The OSC measurement was performed alternating switches between 
0 2 (10 ml min'1 of 5 %02/He) and CO (10 ml min'1 of 10 %CO/He) using He as a carrier gas (90 ml min'1) 
at steady state temperatures. OSC instrument average standard error = ± 8 pmol O g'1.
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Overall, [0.25Pd+Ce+Zr] contained an even higher OSC than the impregnated 
0.5Pd/CeZr, showing a better Pd-Ce efficiency. These results reinforce the idea 
postulated in Chapter 4 for the Pd-Ce02 co-precipitated catalysts, where the 
importance of the Pd:Ce ratio to promote Pd-Ce interaction using the 
co-precipitation method for a better performance was highlighted. It was observed 
that better OSC values were only obtained for the co-precipitated [Pd+Ce3+] 
samples over the impregnated catalysts, at Pd loadings lower than 1%. If the 
same Pd:Ce ratios are also needed in the case of Pd-CeZr samples, this will mean 
that only those below 0.5 wt% Pd would show a benefit. The evaluation of further 
samples with different Pd loadings on Pd-CeZr samples was however beyond the 
scope of this thesis.
The efficiency of the CeZr support (considered as Ceo.5Zro.5O 2) of Pd-CeZr 
samples was calculated (Figure 5-7). To focus only on the efficiency from the 
CeZr, the palladium contribution was removed. The trends obtained followed those 
of the OSC; 0.5Pd/CeZr had a higher efficiency than [0.5Pd+Ce+Zr] (at 400 °C,
12 % more efficiency), whilst [0.25Pd+Ce+Zr] was more efficient than 0.25Pd/CeZr 
(at 400 °C, 17 % more efficiency).
Comparing the efficiency values of Pd-CeZr and Pd-Ce02 based samples it can be 
noticed that Pd-CeZr samples are significantly better (Table 5-6). When Ce4+ is 
reduced to Ce3+ the crystal structure suffers a stress due to the larger size of C e3+ 
ion that restricts its redox properties; as Zr4+ is smaller, when it is added to the 
Ce0 2  lattice, it compensates for the volume changes and facilitates the 
reduction/oxidation of Ce4+/3+ (Ionic radius: Zr4+ = 0.84 A; Ce4+ = 0.97 A,
Ce3+ = 1.14 A) [7, 18].
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Figure 5-7: CeZr efficiency (%) during the OSC test of Pd-CeZr samples with different Pd-ioadings 
prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr])
during an OSC test.
Table 5-6: CeZr efficiency (%) at 400 °C comparing Pd-CeZr samples with different Pd-loadings 
prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). The 
efficiency of a 0.5Pd/CeZr sample prepared by impregnation on a commercial support was also
included for comparison.
0.25Pd-CeO2 5 17
0.25Pd-CeZr 25 42
0.5Pd-CeO2 9 15
0.5Pd-CeZr 32 20
0.5Pd-CeZr (commercial) 31 -
The efficiency of a 0.5Pd/CeZr sample prepared by wet impregnation on a 
commercial Ceo.5Zro.5O2 support was compared to the sample prepared by the
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sam e method on the co-precipitated Ceo.5Zro.5O 2 support synthesised for this work.
Both samples showed similar efficiency values.
5.5. Kinetic characterisation: CO-SSITKA
The reaction rate and activation energy of CO oxidation over these samples was 
studied. The analysis was performed between 30 and 80 °C in steps of 10 °C. The 
comparison of the reaction rate of these samples can be seen in Figure 5-8.
Focusing on the preparation method, the reaction rate at the two lowest 
temperature points (30 °C and 40 °C) for the impregnated and co-precipitated 
samples appeared to be practically identical for the catalyst with 0.5 wt% Pd. 
However, when increasing the temperature, the reaction rate for both impregnated 
catalysts increased to a larger extent than for the co-precipitated samples (higher 
temperature coefficient). Based on metal surface area experiments (section
5.3.2.), the different preparation methods did not have a significant impact on the 
Pd surface content, which could explain the similar reaction rates obtained for 
these catalysts.
Pd loading had a significant impact on the value of the reaction rate, being higher 
those with the lowest Pd loading (0.25 wt% Pd). The characterisation performed 
on Pd-CeZr samples showed that the metal dispersion was similar between 0.25 
and 0.5 wt% Pd samples prepared by the same method; thus, they are expected 
to have similar particle sizes. However, the reduction temperature associated to 
Pd-Ce during H2-TPR experiments appeared at slightly higher temperature for 
0.25 wt% Pd samples, independently of the preparation method. Based on these 
results, the higher CO reaction rate seen for the 0.25Pd-CeZr samples could be
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justified as a stronger interaction between Pd and Ce atoms on these samples 
than on the 0.5Pd-CeZr catalysts.
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Figure 5-8: Comparison of CO oxidation reaction rate at steady temperatures of Pd-CeZr samples with 
different Pd-loadings prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ 
precursor ([Pd+Ce+Zr]). The gas flows used were 52.5 ml min'1 of 5% 02/He, 5.5 ml min'1 of 
1%CO/5%Ar/He (12C) and 5.5 ml min'1 of 1%CO/He (13C). The average reaction rate standard error was
±0.01 pmol g'1 s'1.
This can be also seen when comparing the activation energy (Ea), which is shown 
in Table 5-7. The Pd-CeZr catalysts with 0.25 wt% Pd had lower Ea values than 
those with 0.5 wt% Pd, which is the opposite trend to that found for Pd-Ce02 
catalysts previously shown in Chapter 4. On Pd-Ce02 samples, this trend 
suggested that bigger Pd particles were more active for this reaction; however, the 
similar Pd dispersion values found for Pd-CeZr samples (and thus similar Pd 
particles sizes) suggests that in this case the activity of Pd was dependent to a 
larger extent on the interaction with the CeZr support. As mentioned previously, 
this could be seen during H2-TPR experiments, where the 0.25Pd-CeZr samples 
showed a stronger interaction with the Ce atoms than 0.5Pd-CeZr.
4s'"
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In contrast to the Pd loading, the preparation method did not have a significant 
impact on the Ea of Pd-CeZr samples. The Ea values and equations rate of 
Pd-Ce02 catalysts have been also added to Table 5-6 for comparison. Similarly to 
Pd-Ce02 catalysts, the reaction rate was not dependant on 0 2 concentration (zero 
reaction order), and it had reaction order of 1 with respect to CO, suggesting that 
the CO oxidation occurred through the same mechanism as in Pd-Ce02 catalysts. 
The suggested mechanism consists of the reaction between the adsorbed CO 
molecule on Pd and the oxygen from the CeZr support [19, 20].
Table 5-7: Equation rate and Ea for CO oxidation for Pd-CeZr samples with different Pd-loadings 
prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). For 
Pd-Ce02 samples the Ea decreases when increasing Pd loading, and for Pd-CeZr the Ea decreases 
when decreasing it. The standard errors for Ea are shown between brakets next to the values.
0.25Pd/CeO2 r = k [CO] 35 (± 1)
[0.25Pd+Ce3+] r = k [CO] 54 (± 8)
0.5Pd/CeO2 r = k [CO] 27 (± 2)
[0.5Pd+Ce3+] r = k [CO] 11 (±<1)
0.25Pd/CeZr r = k [CO] 12 (±<1)
[0.25Pd+Ce+Zr] r = k [CO] 7 (± <1)
0.5Pd/CeZr r = k [CO] 51 (± 3)
[0.5Pd+Ce+Zr] r = k [CO] 48 (± 2)
5.6. Light-off performance
The light-off performance of the catalysts under cold-start and under perturbed 
conditions were also tested. The perturbed light-off was of special interest, as 
major differences during the characterisation performed were found for the OSC.
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5.6.1. Cofd-start conditions
Pd/CeZr catalysts prepared by wet impregnation and by co-precipitation were 
tested under cold light-off conditions (see Chapter 2 for a description of the test). 
The comparison can be seen in Figure 5-9. A summary of the necessary 
temperatures to obtain 50% conversion of the pollutants (T50) for each of these 
catalysts can be also found in Table 5-8.
Only small differences were obtained comparing the catalysts prepared using the 
different two methods. The biggest impact in the light-off was brought by Pd 
loading, with 0.5 wt% Pd leading to lower light-off temperatures due to a higher 
number of surface active sites [21, 22].
In section 5.3.2. it was shown that 0.25 wt% Pd samples prepared by 
co-precipitation and by impregnation contained similar amounts of surface 
palladium; however, [0.25Pd+Ce+Zr] showed a faster Pd-Ce reduction and a 
higher H2 consumption during H2-TPR experiments, indicating that a larger 
number of Ce atoms were promoted by Pd creating better oxygen mobility. This 
interaction was reflected in the NOx and CO profiles, where it could be noticed that 
the light-off for [0.25Pd+Ce+Zr] was sharper than that for 0.25Pd/CeZr, giving 
higher conversion values after 250 °C.
Tabie 5-8: Necessary temperature for 50% conversion of CO, NOx and HC for Pd-CeZr samples with 
different Pd-loadings prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ 
precursor ([Pd+Ce+Zr]), during a cold-start light-off test at A= 0.95. Light-off instrument average
standard error = ± 2 °C.
0.25Pd/Ce0.5Zro.502 239 -4 257 0 373 -24[0.25Pd2'+Ce3'+ZrO2'] 243 257 349
0.5Pd/ Ceo.5Zro.5O2 212 10 233 9 361 1[0.5Pd2++Ce3++ZrO2+] 222 242 362
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[0.5Pd+Ce+Zr] presented a slightly worse light-off performance (higher 
temperature) than 0.5Pd/CeZr. This could be associated to a smaller Pd surface 
content on the co-precipitated material, as shown by CO chemisorption analyses 
(1.3 m2 g'1 and 0.9 m2 g"1 for the impregnated and co-precipitated samples, 
respectively) [21].
Similar conclusions were found previously in Chapter 4 for Pd-Ce02 samples with 
different Pd loadings prepared by impregnation on C e02 and by co-precipitation 
with Ce3+ precursor, where it was seen that the light-off temperature strongly 
depended on their metal surface areas.
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Figure 5-9: CO, NOx and HC light-off performance under constant lambda at 0.95 of Pd-CeZr samples 
with different Pd-loadings prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ 
precursor ([Pd+Ce+Zr]). The sample taken was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow 
rate 2 L min'1. The catalyst was heated using a ramp rate of 10 °C min'1 from 100 to 400 °C.
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5.6.2. Perturbed light-off
Since the main difference between these catalysts appeared to be their OSC 
performance, it was expected that their activities under perturbed conditions could 
also emphasise their differences in terms of catalytic activities. The results for 
lambdas 0.99 ± 0.05 and 1.01 ± 0.05 can be seen in Figure 5-10.
The light-off temperatures for [0.5Pd+Ce+Zr] appeared at higher values than for its 
reference sample 0.5Pd/CeZr under all the conditions tested here (~20 °C higher 
in most cases). The lower light-off temperature shown by the 0.5Pd/CeZr sample 
is likely to be due to a higher Pd surface content than on [0.5Pd+Ce+Zr], as shown 
by CO chemisorption analyses [21, 22]. On the other hand, the final conversion at 
temperatures higher than 300 °C appeared to be practically identical. These 
results were not expected, since the OSC at temperatures higher than 250 °C was 
better for the impregnated sample, and thus, higher conversions were expected for 
the 0.5Pd/CeZr sample. No explanation was found to justify this behaviour.
Different results were obtained for the 0.25Pd-CeZr samples. Practically no 
differences were found between the light-offs of these samples, agreeing with the 
metal surface quantification performed previously where it was shown that 
0.25Pd/CeZr and [0.25Pd+Ce+Zr] contained similar Pd surface areas. Regarding 
their final conversion at high temperature (T > 250 °C), the [0.25Pd+Ce+Zr] 
performed slightly better than 0.25Pd/CeZr (~3-5% higher conversion than 
0.25Pd/CeZr). This small improvement is likely to be related with the higher OSC 
performance shown by [0.25Pd+Ce+Zr], however is not as significant as would 
have been predicted from the OSC measurements.
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Figure 5-10: Light-off performance under perturbed conditions of Pd-CeZr samples with different 
Pd-loadings prepared by wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor 
([Pd+Ce+Zr]). From top to bottom, CO, NOx and HC conversions; from left to right, light-offs at 
lambdas 0.99 ± 0 .05 and 1.01 ± 0.05. The sample size taken was 0.4 g (0.2 g sample + 0.2 g cordierite) 
and the gas flow rate 5 L min'1. The catalyst was heated using a ramp rate of 10 °C min'1 from 110 to
500 °C.
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A summary of the necessary temperature to achieve 50% conversion and the 
conversion obtained at 350 °C can be found in Table 5-9:
Table 5-9: Necessary temperature for 50% conversion of CO, NOx and HC, and conversion values at 
350 °C during a perturbed light-off test, for Pd-CeZr samples with different Pd-loadings prepared by 
wet impregnation (Pd/CeZr) and by co-precipitation with Ce3+ precursor ([Pd+Ce+Zr]). Light-off
instrument average standard error = ± 2 °C.
w m K H I f  I f
0.99 1.01 0.99 1.01
z o X HC CO NOx HC CO NOx HC CO NOx HC CO
0.25Pd/CeZr 249 269 263 246 240 220 80 85 69 70 92 91
[0.25Pd+Ce+Zr] 248 264 244 243 236 216 85 88 75 73 93 94
0.5Pd/CeZr 225 242 224 210 204 177 86 91 80 72 96 96
[0.5Pd+Ce+Zr] 244 253 243 233 226 217 87 90 78 72 95 95
As an observation, in Figure 5-10, a small inflection is present during the CO 
light-off profiles (between 150 -  220 °C). This is related to the competition between 
CO and HC oxidation reactions. CO oxidation occurs at lower temperature than 
HC, but once HC starts reacting (at the temperature where the bump in the CO 
light-off is formed) both molecules compete for oxygen, and it is this that creates 
the distortion during the CO light-off.
5.7. S um m ary
The use of the co-precipitation method to prepare Pd-CeZr catalysts did not show 
a significant improvement over the impregnation method. Instead, the Pd loading 
was seen to have a more significant impact on Pd surface area, Pd-Ce interaction, 
and light-off performance with either preparation method.
EtOH-TPSR analyses revealed that both preparations led to products with similar 
Pd surface areas (at similar loadings). However, CO-chemisorption showed that
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this was still the case for the samples with low Pd loading (0.25 wt%), but not at 
high loadings (0.5 wt%), where Pd metal area was slightly higher for the 
impregnated sample. Moreover, the value obtained from the CO-chemisorption for 
[0.5Pd+Ce+Zr] was lower than that obtained with the EtOH-TPSR method, 
suggesting that [0.5Pd+Ce+Zr] adsorbed less CO per Pd-site than 0.5Pd/CeZr, 
possibly due to a change in the Pd:CO stoichiometry1. The change in Pd:CO 
stoichiometry seemed to be a key parameter to explain the differences between 
the activities of these catalysts. The stoichiometry is usually determined by 
evaluation of the CO adsorption using infrared spectroscopy [23], however this 
could not be done for the Pd-Ce02 and Pd-CeZr samples due to issues regarding 
the sample preparation for this analysis2. Thus, this theory could not be 
demonstrated. If a change in CO:Pd stoichiometry has occurred, based on 
published literature, the CO:Pd stoichiometry typically depends on the nature of 
the metal and the support, as well as on the interaction between them [23]. Since 
a more intimate contact is created between Pd and Ce when co-precipitated 
together, the interaction is expected to be different to the interaction found in the 
impregnated catalysts, which could explain a change in stoichiometry of 
adsorption.
The light-off performance is strongly related to Pd surface content, and this could 
also be seen during the experiments performed here [21, 22]. The samples based 
on 0.25Pd-CeZr presented similar light-off temperatures as both catalysts 
contained similar Pd surface areas; however, the [0.5Pd+Ce+Zr] sample showed a 
slightly higher light-off temperature than 0.5Pd/CeZr, suspected to be due to the
1 There are typically three different chemisorption conformations: linear, bridge, and twin type.
2 For the analysis of the type of CO adsorption through DRIFTS it was necessary to prepare the 
samples as pellets. Due to the large quantities of H20  that the Ce-based materials adsorb from the 
atmosphere, these pellets could not be formed. Even after the samples were dried in air at 105 °C, 
the samples seemed to still contain water, which made them to stick to the dice used to prepare 
them, and constantly broke during their preparation.
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lower adsorption capacity of the [0.5Pd+Ce+Zr] sample (based on CO 
chemisorption results) as mentioned previously. Thus, based on the results 
obtained here, the light-off temperature seems to have a stronger dependence on 
the adsorption capacities than on the overall Pd surface content.
In terms of Pd-Ce interaction, H2-TPR experiments revealed that, even though the 
reduction of Pd-Ce appeared as a sharp peak for both co-precipitated samples, a 
higher H2 consumption (compared to the equivalent impregnated catalyst) was 
only achieved for [0.25Pd+Ce+Zr], suggesting that a higher number of Pd and Ce 
atoms were in contact than on the 0.25Pd/CeZr sample [16, 17]. However, a 
similar H2 consumption was obtained for [0.5Pd+Ce+Zr] compared to 0.5Pd/CeZr.
In addition, the Pd-Ce reduction peak appeared at higher temperatures for the 
samples containing 0.25 wt% Pd, suggesting a stronger Pd-Ce interaction in the 
low loaded samples.
In Chapter 4 it was shown that the XPS profiles were also important to clarify the 
level of Pd-Ce interaction; however in this case, Pd3d and Zr3p signals overlapped 
and no information regarding Pd oxidation state or level of Pd-Ce interaction could 
be obtained [11].
The bigger promotion of Ce-atoms by Pd seen in [0.25Pd+Ce+Zr], compared to 
0.25Pd/CeZr, led to an increase in the OSC capacity and a small improvement in 
the final pollutant conversions during perturbed light-off conditions; in contrast, the 
co-precipitation of [0.5Pd+Ce+Zr] led to lower OSC capacity and similar 
conversions during the perturbed light-off, compared to the results obtained for 
0.5Pd/CeZr.
To summarise, the Pd:Ce ratio is a key parameter for improving the Pd-Ce contact 
when using the co-precipitation method, where an improvement was only achieved
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with the low Pd loaded sample ([0.25Pd+Ce+Zr]). This agrees with the results 
seen previously based on Pd-CeC>2 materials presented in Chapter 4, where only 
an improvement was achieved at Pd loadings lower than 1 wt%. In addition, 
similar or worst performances were seen during the light-offs as a consequence of 
similar or slightly lower adsorption capacities [21, 22]. Moreover, the almost 
identical Pd surface areas obtained with the EtOH-TPSR method between 
impregnated and co-precipitated samples when comparing equal Pd loadings, 
suggests that no encapsulation occurred for the co-precipitated [Pd+Ce+Zr] 
samples.
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6. Impact of the noble metal on NM-Ce02 co-precipitation (NM = 
Pd, Pt, Rh)
Pd, Pt and Rh are often used in TWC formulations, typically as a combination of Pt 
and Rh, or Pd and Rh, or even combining the three noble metals together [1]. Pd 
and Pt are mainly used for oxidation reactions, whilst Rh is mostly used for 
reduction reactions [1-3]. The choice of noble metal and loading usually depends 
on their predicted future prices. As an example of the changes they can suffer, 
Figure 6-1 shows the prices of Pd, Pt, and Rh between the years 2010 and 2014.
2000
Palladium, Rhodium 
MorShiy averages between Jars 2010 and Jan 2014 
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Figure 6-1: Monthly average price of Pd, Pt, and Rh between the years 2010 and 2014. (Source -
Johnson Matthey).
As previously seen in Chapter 4 and 5, the co-precipitation of Pd with a Ce3+ 
precursor can lead to catalysts with a larger content of Ce atoms promoted by Pd, 
which as a consequence increases the oxygen storage capacity. This was also 
seen to be dependent on Pd:Ce ratio.
With the aim of studying if similar improvements can be obtained for Pt-Ce02 and 
Rh-Ce02 catalysts, Pt-Ce02 and Rh-Ce02 samples were also prepared by the
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redox method described in Chapter 2 and compared to ca ta lysts with s im ilar noble 
metal (N M ) loadings prepared by wet im pregnation. The co-precip ita ted  cata lysts 
will be referred as [N M +C e3+], and the im pregnated as N M /C e 0 2 (NM = Pd, Pt, 
Rh).
For a d irect com parison with the results obtained in Chapter 4 (based on 
0.5Pd-CeO2 cata lysts), 0.5 wt% of each noble metal w as used fo r these 
preparations. In addition, a cata lyst with 0.1 wt% Rh w as also synthesised to 
m im ic c loser loadings to those used in real catalysts.
6.1. Catalysis preparation observations
Sim ilar to the results obtained fo r [0 .5Pd+C e3+], the co-precip ita tion o f [0 .5P t+C e3+] 
a lso led to a dark grey coloured sam ple (suggesting the reduction o f P t4+ to 
m etallic Pt), which turned light brown once it w as calcined (suggesting oxidation o f 
Pt to P t0 2) [4]. In contrast, the co-precipitation o f [0 .5R h+C e3+] and [0 .1R h+C e3+] 
led to a white precipitate that turned brown at am bient tem perature (typ ica l co lour 
o f Rh 2 0 3 , suggesting no reduction o f Rh3+ to m etallic Rh), and no co lour change 
was observed during the calcination, suggesting that Rh and Ce did not su ffe r 
fu rther changes regarding the ir oxidation states [4-6]. Figure 6-2 shows the 
d iffe rent colours obtained for these materials:
Dried at 
105 °C
Fired at 
650 °C/2h
[0.5Pd+Ce3+] [0.5Pt+Ce3+] [0.5Rh+Ce3+]
191
Figure 6-2: Pd-, Pt-, and Rh-Ce02 catalysts prepared by co-precipitation with Ce3+ precursor, dried at 
105 °C overnight, and calcined at 650 °C for 2 hours in air.
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6.2. Structural characterisation
In o rder to understand if changing the noble metal (NM ) during the co-precip ita tion 
a ffects the structure o f the catalysts, the sam ples were evaluated by XRD. As 
m entioned in the previous chapters, one o f the main objectives was to determ ine if 
the NM w as placed within the ceria structure.
6.2.1. X-Ray D iffraction (XRD)
All cata lysts, independent o f the noble metal used, presented a cu b ic -C e 0 2 
structure [7]. No inform ation regarding the noble metal could be obtained, implying 
tha t the NM particles are small and well d ispersed [8]. The lattice param eters a 
and the ceria crystallite sizes are shown in Table 6-1. The XRD profiles are shown 
in F igure 6-3.
Table 6-1: Lattice parameter a and ceria crystallite size analysed by XRD, and specific surface area 
calculated by BET, of 0.5Pd-, 0.5Pt-, 0.5Rh- and 0.1Rh-CeO2 samples prepared by wet impregnation on 
Ce02 (NM/Ce02) and by co-precipitation with Ce3+ precursor ([NM+Ce3+])- Calculated errors (reported 
in brackets) for crystallite size (nm) refer to the last significant figure; BET-SSA instrument standard
error = ±4  m2 g'1.
C e02 XRD 
Reference [7]
a = 5.411 - -
0.5Pd/CeO2 5.410 5.83 (± 0.07) 138 0.51
[0.5Pd+Ce3+] 5.409 5.51 (± 0.05) 114 0.50
0.5Pt/CeO2 5.410 6.55 (± 0.08) 107 0.54
[0.5Pt+Ce3+] 5.409 5.68 (± 0.05) 102 0.48
0.5Rh/CeO2 5.410 6.42 (± 0.06) 110 0.53
[0.5Rh+Ce3+] 5.406 3.76 (± 0.04) 142 0.47
0.1Rh/CeO2 5.410 6.61 (± 0 .0 8 ) 106 0.13
[0.1Rh+Ce3+] 5.407 5.66 (± 0.08) 124 0.12
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Figure 6-3: XRD profiles for NM-Ce02 samples prepared by impregnation (NM/Ce02) and by 
co-precipitation with Ce3+ precursors {[NM+Ce3+]). The peaks corresponding to the cubic C e02 phase
are indicated as (*).
j v^iicipiei o. im p a u iu i uits iiuuit? mtJicii un iN ivi-oew2 cu-pitsuipiiciuuii
As was previously seen for the Pd-Ce02 catalysts, those catalysts prepared by the 
co-precipitation method showed a small contraction in the ceria structure (less 
than 0.1% contraction), but not significant enough to conclude if any metallic atom 
was added to the lattice of the CeC>2. In addition, the crystallite size was smaller for 
those samples prepared with the co-precipitation method compared to their 
equivalent impregnated samples (-0 .9  nm lower), particularly evident for
[0.5Rh+Ce3+] preparation (-2 .6  nm lower).
Regarding the BET-SSA, the preparation method did not have a significant impact 
when using Pt, however, the specific surface areas obtained for Rh were higher 
when the materials were prepared by co-precipitation. In addition, the SSA 
increased with Rh loading for these preparations. In contrast, the co-precipitation 
with Pd and Ce3+ led to SSA slightly lower than that obtained with the
impregnation method.
6.2. Surface characterisation
The surface characterisation performed for these catalysts was similar to that 
performed for the Pd-CeC>2 samples. All samples were submitted to XPS and CO- 
chemisorption; in addition the Pt-CeC>2 samples were analysed by EtOH-TPSR  
and the Rh-Ce02 samples by ethane hydrogenolysis. As discussed previously 
(Chapter 3) EtOH-TPSR can be used to measure surface Pd and Pt but not
surface Rh, therefore a different method selective to surface Rh was needed
(i.e. ethane hydrogenolysis). EtOH-TPSR and ethane hydrogenolysis techniques 
are detailed in Chapter 3.
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6.2.1. X-Ray P ho toe lec tron  S pec troscopy  (XPS)
XPS results were used to determine the level of interaction between the noble 
metal and the ceria for Pd-Ce02 samples. For similar reasons, Pt- and Rh-ceria 
samples were submitted for these analyses. Pt4f and Rh3d signals can be seen in 
Figure 6-5 and Figure 6-6, respectively; Pd3d profiles are also shown here for 
comparison in Figure 6-4.
As was shown in Chapter 4, 0.5Pd-CeC>2 samples presented peaks associated 
with PdO species (at 337.6 and 342.9 eV for Pd/C e02, and at 337.3 and 342.5 eV 
for [0.5Pd+Ce3+]), appearing shifted towards higher binding energies than those 
reported in the literature for PdO (which should appear at 336.8 and 342.06 ± 0.2 
eV) indicating that a strong Pd-Ce interaction existed [9]. In addition to these 
bands, [0.5Pd+Ce3+] also produced bands at positions associated with Pd species 
with higher oxidation states (338.3 and 343.5 eV), suggesting that the Pd-Ce 
interaction was stronger in this sample [9].
Similarly all the Pt-Ce02 samples contained Pt4f bands in the P t02 region [10, 11]. 
These bands did not appear shifted towards higher binding energy for the 
[0.5Pt+Ce3+] sample compared to 0.5Pt/CeO2 which gave values similar to those 
predicted from the literature. Thus, based on this, both Pt-Ce samples appeared to 
have the same level of interaction [11]. Looking at the Ce/Pt calculated atomic 
ratio, [0.5Pt+Ce3+] contained a significantly higher amount of Ce on the surface 
compared to 0.5Pt/CeO2 (Ce/Pt atomic ratios of 118 and 65, respectively, a 45%  
increase), suggesting some Pt encapsulation by ceria and/or an increase of Pt 
particle size.
The binding energies of Rh3d5/2 and Rh3d3/2 in all Rh containing catalysts were 
attributed to Rh2C>3 [10, 12]. Similar to the results for the Pt-Ce02 samples, no 
change in the position of the peaks was seen for the co-precipitated [0.5Rh+Ce3+]
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compared to 0.5Rh/CeO2. Also in this case the Ce/Rh atomic ratio was higher for 
[0.5Rh+Ce3+] (216 for 0.5Rh/CeO2 and 255 for [0.5Rh+Ce3+], meaning an 18% 
increase). The larger SSA found for [0.5Rh+Ce3+] compared to 0.5Rh/CeO2 could 
have contributed to this increase.
From the Ce/NM atomic ratios it was observed that 0.5Pd-CeO2, 0.5Pt-CeO2 and 
0.5Rh-CeO2 catalysts contained very different amounts of surface noble metal1. In 
0.5Rh-CeO2 samples this ratio was significantly lower than for 0.5Pd-CeC>2 and 
0.5Pt-CeO2 samples, suggesting the formation of larger noble metal particles 
and/or greater ceria encapsulation. Using the impregnated catalysts as references 
(as most of the noble metal should be located on the surface of the material) it was 
possible to observe that 0.5Pd/CeC>2 had lower calculated Ce/NM atomic ratio 
value than 0.5Pt/CeO2, suggesting that the impregnation of Pt on Ce02 led to 
larger metal particles; moreover, 0.5Rh/CeO2 showed a significantly higher 
calculated Ce/NM atomic ratio compared to Pd and Rh impregnated catalysts, 
suggesting that Rh particles were even larger than Pt particles. Therefore, based 
on the impact of the noble metal on the particle size, it could be possible that the 
higher Ce/NM value found for [0.5Rh+Ce3+] compared to [0.5Pd+Ce3+] and 
[0.5Pt+Ce3+] could be associated with the formation of larger Rh particles, than for 
Pd and Pt catalysts. However, based only on XPS characterisation, it was not 
possible to determine the exact metal particle sizes of the co-precipitated 
materials, as the higher Ce/NM atomic ratios could also be due to a higher 
ceria-encapsulation.
1 Based on XPS analyses, which are typically 5 nm in depth.
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Figure 6-4: Deconvolution of Pd3d XPS peaks for 0.5Pd-CeO2 samples prepared by co-precipitation 
with Ce3+ precursor ([0.5Pd+Ce3+] (A)) and by impregnation on Ce02 (0.5Pd/CeO2 (B)).
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Figure 6-5: Deconvolution of Pt4f XPS peaks for 0.5Pt-CeO2 samples prepared by co-precipitation with 
Ce3+ precursor ([0.5Pt+Ce3+] (A)) and by impregnation on Ce02 (0.5Pt/CeO2 (B)).
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Figure 6-6: Deconvolution of Rh3d XPS peaks for 0.5Rh-CeO2 samples prepared by co-precipitation 
with Ce3+ precursor ([0.5Rh+Ce3+] (A)) and by impregnation on Ce02 (0.5Rh/CeO2 (B)). R4d XPS signal 
has been added to Figure B to show the contribution of Pt.
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Table 6-2 summarises Pd3d, Pt4f and Rh3d band positions for Pd-CeC>2 , Pt-CeC>2 
and Rh-Ce02, respectively, as well as the Ce/NM atomic ratios calculated by XPS:
Table 6-2: Summary of the XPS bands positions for Pd3d, Pt4f, and Rh3d, and calculated Ce/NM 
atomic ratio for samples prepared by co-precipitation with Ce3+ precursor ([(NM+Ce3+]) and by
impregnation on CeC>2 (NM/Ce02).
0.5Pd/CeO2 337.6 342.9 - - - - 34
[0.5Pd+Ce3+]
337.3
338.3
342.5
343.5
- - - - 53
0.5Pt/CeO2 - - 72.5 75.9 - - 65
[0.5Pt+Ce3*] - - 72.7 76.0 - - 118
0.5Rh/CeO2 - - 309.3 313.8 216
[O.SRh+Ce3*]
'
- - 309.1 314.1 255
Regarding Ce, no differences were seen between the three sets of samples. All 
profiles (not shown here) showed that most Ce existed as Ce02. As explained in 
previous chapters, traces of Ce3+ were also detected as a consequence of the 
reduction caused by the XPS beam [13].
6.2.2. Surface analyses: CO chem isorption, EtOH-TPSR, and ethane hydrogenolysis 
The metal dispersion of these samples was measured by CO-chemisorption. This 
was compared to the Ce/NM atomic ratios calculated by XPS. In addition, in order 
to selectively estimate the Pd- and Pt-surface area, Pd-CeC>2 and Pt-Ce02 
samples were also analysed by EtOH-TPSR2; and to selectively estimate 
Rh-surface area, Rh-Ce02 samples were analysed by the ethane hydrogenolysis
2 See Chapter 3 for a detailed description of EtOH-TPSR and ethane hydrogenolysis techniques. 
Separate calibration curves were used to correlate the CH4 formation during the EtOH-TPSR with 
metal surface area, for the Pd and Pt samples.
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technique [14]. As no calibration was performed for the Rh-samples on the ethane 
hydrogenolysis technique, the values can only be used only for comparative 
purposes. All these results are summarised in Table 6-3:
Table 6-3: Quantitative and qualitative analyses of metal surface area calculated by XPS, by CO 
chemisorption, by EtOH-TPSR (in the case of Pd- and Pt-Ce02 samples) and by ethane hydrogenolysis 
(in the case of Rh-Ce02 samples). Comparison of samples prepared by wet impregnation on C e02 
(NM/Ce02) and by co-precipitation with Ce3+ precursor ([NM+Ce3+j). CO chemisorption instrument 
standard error = ± 2% (for metal dispersion) and ± 0.04 m2 g'1 (for metal surface area); EtOH-TPSR 
instrument standard error = ± 0.1 m2 g'1; Ethane hydrogenolysis instrument standard error = ± 4 °C.
.
Sample
Ce/Metal 
atomic ratio 
/ a.u.
Metal
dispersion
/%
Metal 
surface area
/ m2 g 1
Metal surface 
area
/m 2 g 1
T50 / °C
0.5Pd/CeO2 34 52 1.2 0.9 -
[0.5Pd+Ce3*] 54 51 1.1 0.5 -
0.5Pt/CeO2 65 55 0.7 1.3 -
[0.5Pt+Ce3*] 118 25 0.3 0.5 -
0.5Rh/CeO2 216 43 0.9 - 304
[0.5Rh+Ce3*] 255 22 0.5 - 320
0.1Rh/CeO2 - 56 0.2 - 321
[0.1Rh+Ce3+] - 11 0.1 - 414
The CO adsorption stoichiometry assumed here for CO chemisorption calculations 
was CO:NM 1:1. However, it is known that the stoichiometry is different between 
these noble metals. Based on published work on Pd, Pt and Rh supported on 
alumina, this stoichiometry is believed to be 0.5 for CO/Pd [15], 0.5-1 for CO/Pt 
[16], and 2 for CO/Rh [17]. The different stoichiometries are related with how the 
CO bonds to the metal, as explained in Chapter 2; linear adsorption occurs when 
one CO molecule adsorbs on one metal site (CO/M stoichiometry 1), bridge type 
when one CO molecule adsorbs in two metal sites (CO/M stoichiometry 0.5), and 
twin type when two CO molecules adsorb in one metal site (CO/M stoichiometry
ifr'sacK. 1 wi in^ioi \j . in ipcioi ui u ic i iuuic m cia i ui i inivi-ocw2 uu-|ji cuipiiciuui I
2). The type of adsorption not only depends on the type of metal, but also on the 
particle size and its surface [18]. Thus, if this is taken into account, the dispersion 
values obtained for Pd and Pt should be lower than the real values and higher for 
Rh. Considering this, Rh particles would be larger than those of Pd and Pt.
In terms of metal surface area, all the techniques were in good agreement. They 
all showed that the samples prepared by impregnation contained higher metal 
surface content than those co-precipitated.
For Pd-CeC>2 samples, the increase of the calculated Ce/Pd atomic ratio of the 
co-precipitated catalyst compared to the impregnated material was associated to 
ceria decoration, as the Pd surface area values calculated by CO chemisorption 
and EtOH-TPSR were similar. But for Pt- and Rh-Ce02 co-precipitated samples, 
the increase of the calculated Ce/NM atomic ratio was also accompanied by a 
decrease of the metal surface area (by about 50%), compared to their reference 
impregnated catalysts. This can either suggest an increase of particle size or a 
higher ceria encapsulation; based on this characterisation this could not be 
concluded.
Focusing on the selective reactive characterisation, the trends obtained between 
the EtOH-TPSR and the CO chemisorption for 0.5Pt/CeO2 and [0.5Pt+Ce3+] were 
in good agreement, showing a lower Pt surface area for [0.5Pt+Ce3+] than the 
impregnated sample. However, the metal surface area values obtained with the 
EtOH-TPSR were higher than those obtained with the CO chemisorption method. 
This could indicate that the CO/Pt adsorption stoichiometry during the CO 
chemisorpition was lower than 1, as already suggested by published literature [16].
In the case of the Rh-Ce02 samples, the results from the ethane hydrogenolysis 
also showed a significant decrease in Rh surface area for the co-precipitated
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samples compared to the impregnated catalysts with comparable loading, 
agreeing with the results obtained from the CO chemisorption experiments 
(Figure 6-7).
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Figure 6-7: Ethane hydrogenolysis profiles performed on Rh-Ce02 samples with 0.5 wt% Rh and 0.1 
wt% Rh prepared by co-precipitation with Ce3* precursor ([Rh+Ce3*]) and by impregnation on CeC>2 
(Rh/CeC>2). Each sample was firstly pre-treated under He at 300 °C for 30 minutes. Following this, the 
sample was cooled down to 150 °C and the gas flows set to 50 ml min'1 10%H2/N2 and 10 ml min'1 
10%C2H6/N2. Once a stable signal was obtained, a temperature ramp of 10 °C min'1 was applied up to
450 °C.
The results shown here suggest that the sample with the lowest Rh loading 
prepared by co-precipitation ([0.1 Rh+Ce3+]) has suffered a higher level of 
encapsulation than the [0.5Rh+Ce3+] sample.
6.3. R edox characterisation
H2-TPR was performed in order to study the reducibility of the samples, as well as 
the NM-Ce interaction. CO-TPR was mainly used to focus on the reducibility of the
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NM, as spillover occurs to a lesser extent when using CO [19]. In addition, the total 
oxygen storage capacity (OSC) was also measured.
6.3.1. H2-TPR
H2-TPR profiles of Pd-, Pt- and Rh-Ce02 samples are shown in Figure 6-8. The 
first reduction peak (< 250 °C) corresponded to the NM-Ce reduction, the second 
peak (between 250 -  500 °C) to the non-promoted surface C e 0 2 reduction, and 
the third peak (> 600 °C) to the reduction of bulk C e 0 2 [8, 20, 21].
Similar to the [0.5Pd+Ce3+] samples, the reduction of [0.5Pt+Ce3+] showed a sharp 
peak at 180 °C, suggesting that the reduction of PtOx is a fast process [8, 22]. The 
reduction of PtOx for the equivalent impregnated catalyst gave a main peak at 200 
°C and two shoulders at 100 and 140 °C, indicating the presence of several PtOx 
species [22]. The slightly higher reduction temperature for 0.5Pt/CeO2 (based on 
the largest peak) compared to the co-precipitated catalyst also suggests smaller Pt 
particles or Pt particles that interact stronger with the support [23]. The reduction 
of surface and bulk ceria gave the two typical peaks at 370 and 805 °C for the 
impregnated samples, and at 390 and 840 °C for the co-precipitated material, 
respectively [24]. These peaks were very similar for both samples.
The Rh20 3  reduction for [0.5Rh+Ce3+] also appeared as a sharp peak at 150 °C; 
the same reduction peak for 0.5Rh/CeO2 appeared as a less intense peak at 120 
°C with a prominent shoulder at 225 °C [24, 25]. As explained previously, the 
appearance of multiple peaks is related to the presence of several RhOx species 
[12].
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Figure 6-8: H2-TPR of Pd-CeC)2 (A), Pt-Ce02 (B) and Rh-Ce02 (C) samples prepared by co-precipitation 
with Ce3+ precursor (blue) and by impregnation on Ce02 (orange). The sample taken was ~0.2 g, and 
the flow used was 30 ml min'1 of 10% H2/N2 using 30 ml min'1 of N2 as carrier gas.
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Overall, the position of the Rh-Ce reduction peak at slightly higher temperature for 
[0.5Rh+Ce3+] suggests the presence of either smaller Rh particles or Rh 
interacting in a stronger level with ceria [23]. The surface characterisation 
performed on this sample did not give any evidence of the existence of smaller Rh 
particles in [0.5Rh+Ce3+] (see section 6.2), thus the higher reduction temperature 
for this sample is likely to be associated to a greater Rh-Ce interaction. In this 
case, surface and bulk ceria reductions were very similar.
Comparing the profiles of the different noble metals it is possible to see that the 
surface Ce02 reduction occurred at lower temperature for the Rh-Ce02 samples, 
compared to Pd- and Pt-Ce02 samples. This is evidence of the higher spillover 
capacity of Rh, compared to Pd and Pt, which is able to promote a higher number 
of Ce atoms [26].
0.1Rh-CeO2 samples were also analysed by H2-TPR. These profiles are compared 
with those for 0.5Rh-CeO2 in Figure 6-9.
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Figure 6-9: H2-TPR profiles of Rh-Ce02 samples with 0.5 wt% Rh and 0.1 wt% Rh prepared by co­
precipitation with Ce3+ precursor (blue) and by impregnation on Ce02 (orange). The sample taken was 
~0.2 g, and the flow used was 30 ml min'1 of 10% H2/N2 using 30 ml min'1 of N2 as carrier gas.
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The reduction of Rh-Ce on 0.1Rh/CeO2 also appeared as two peaks, however in 
this case the most prominent peak was the one at higher temperature (215 °C), 
suggesting the existence of smaller Rh particles than in 0.5Rh/CeO2. The same 
sample prepared by co-precipitation did not show a sharp reduction peak, as was 
observed for all the other co-precipitated samples tested; in this case, Rh-Ce 
reduction appeared as a wide peak where it was possible to notice the overlap of 
multiple peaks, with a maximum at 220 °C, which was similar to the reduction 
temperature found for 0.1Rh/CeO2. The surface and bulk ceria reductions were 
also similar.
Table 6-4 summarises the reduction temperatures for the metals and ceria species 
as well as the H2 consumption. In all cases, the H2 consumption obtained for the 
NM-Ox reduction was higher than the theoretical due to the extra contribution from 
the near-by C e0 2 (surface ceria promoted by the NM)3.
As was shown previously in Chapter 4, the co-precipitated [0.5Pd+Ce3+] sample 
consumed more H2 during the reduction of Pd-Ce species than 0.5Pd/CeO2, 
meaning that there was a better Pd-Ce contact. In contrast to this, the amount of 
H2 consumed during the Pt-Ce reduction was similar for all P t-C e02 samples. 
However, the sharpness of the peak shown by [0.5Pt+Ce3+] indicated that this was 
a faster process, possibly as a consequence of a better Pt-Ce contact. Previous 
surface characterisation (CO chemisorption, EtOH-TPSR, XPS Ce/Pt atomic ratio) 
showed a significantly lower number of active sites in [0.5Pt+Ce3+] than in 
0.5Pt/CeO2. Based on the surface characterisation and the H2-TPR experiments, it 
was suggested that for the [0.5Pt+Ce3+] sample the improved Ce-reduction by Pt
3 For the 0.5Pd-CeO2 and 0.5Pt-CeO2 samples the theoretical H2 consumption for a complete 
reduction of PdO and P t02 is 0.05 mmol H2 g'1; and for the 0.5Rh-CeO2 and 0.1Rh-CeO2 samples 
the theoretical H2 consumption for a complete reduction of Rh20 3 is 0.14 mmol H2 g'1 and 
0.03 mmol H2 g"1, respectively.
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(due to a higher number of Pt and Ce atoms in contact) could have been 
counteracted by the lower Pt surface area, leading to a similar H2 consumption as 
for the 0.5Pt/CeO2 sample.
Table 6-4: Summary of peak positions and H2 consumption during the H2-TPR experiments on Pd-, Pt-, 
and Rh-Ce02 samples prepared by co-precipitation with Ce3+ precursor {[NM+Ce3+]) and by 
impregnation on Ce02 (NM/Ce02). Average instrument standard error ± 0.02 mmol g'1.
Sam ple
Peak 
temperature 
1°  C
h2
consumed 
/ m m olg1
Peak
temperature
1°  C
h2
consumed 
/ mmolg'1
Peak 
temperature 
/ •  C
h2
consumed 
/ mmoi-g'1
0.5Pd/CeO2
90 °C
50, 205 °C 
(shoulders)
0.58 250 -  505 °C 0.30 580 - >900 °C 0.47
[0.5Pd+Ce3+]
110°C
120, 160 °C 
(shoulders)
0.64 260 -  535 °C 0.40 580 - >900 °C 0.38
0.5Pt/CeO2
200 °C
Shoulders at 
100 and 140 °C
0.59 285 -  465 °C 0.18 580 - >900 °C 0.33
[0.5Pt+Ce3+]
180 °C
Shoulder at 
70 °C
0.58 295 -  505 °C 0.21 580 - >900 °C 0.34
0.5Rh/CeO2
120 °C
Shoulder at 
225 °C
0.48 245 -  375 °C 0.22 580 - >900 °C 0.32
[0.5Rh+Ce3+] 150 °C 0.74 240 -  375 °C 0.18 580 - >900 °C 0.27
0.1Rh/CeO2
120 °C 
215 °C
0.46 245 -  360 °C 0.12 580 - >900 °C 0.45
[0.1Rh+Ce3+]
75 -  305 °C 
(wide peak, max 
at 220 °C)
0.60 330 -  530 °C 0.11 580 - >900 °C 0.47
In the case of Rh-Ce02 samples, those prepared by co-precipitation showed a 
slightly sharper Rh-Ce reduction peak and significantly higher H2 consumption 
than the impregnated versions. This can be attributed to a higher H2 spillover in 
the co-precipitated samples due to a higher number of Rh and Ce atoms in 
contact. Therefore, even if Rh particles were larger for [0.5Rh+Ce3+], the partial 
decoration of these particles with ceria allowed a significantly greater Rh-Ce 
interaction than in 0.5Rh/CeO2.
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6.3.2. CO-TPR
With the aim of focusing on the understanding of the noble metal reduction, 
CO-TPR was performed on Pt-Ce02 and Rh-Ce02 samples and compared to 
those previously obtained for Pd-Ce02 samples. The CO consumption and C 0 2 
formation are represented in Figure 6-10 for Pd-Ce02, in Figure 6-11 for Pt-Ce02, 
and in Figure 6-12 for Rh-Ce02 samples. H2 is not shown here as practically no H2 
formation was detected during these experiments.
The three characteristic regions of peaks identified corresponded to the reduction 
of surface NM and promoted surface C e02 (between 50 -  350 °C), to 
non-promoted C e02 reduction and water gas shift (between 400 -  700 °C), and to 
bulk C e02 reduction (> 700 °C) [9, 19, 27]. For Pd-Ce02 samples these peaks 
could be determined; however, for the Pt-Ce02 and Rh-Ce02 samples, CO 
consumption and C 0 2 formation profiles were less well defined (due to the overlap 
of the reduction peaks), making their separation difficult.
Table 6-5 summarises the temperatures found for the noble metal reduction during 
the CO-TPR experiments:
Table 6-5: Comparison of the peak temperatures corresponding to the surface NM-Ox reduction of 
NM-Ce02 samples prepared by wet impregnation and by co-precipitation with Ce3+ precursor, based 
on the CO consumption during CO-TPR experiments.
Co-precipitation Wetim pregnation
0.5Pd-CeO2
75 °C 
290 °C 
Small shoulder at 360 °C
Wide peak at 60 °C 
Wide peak at 100 °C 
260 °C
0.5Pt-CeO2 200 °C 270 °C
185 °C 
270 °C 
355 °C
0.5Rh-CeO2
Shoulder at 160 °C 
300 °C 
335 °C
Wide peak from 155 to 480 °C
0.5Pd/CeO2
25 100 175 250 325 400 475 550
Temperature / “C
625 700 775 850
B
0.5Pd/CeO:
o"o
32525 250 400 475 550 625 700 775 850100 175
Temperature t aC
Figure 6-10: CO consumption (A) and C 02 formation (B) during CO-TPR experiments for Pd-Ce02 
samples prepared by co-precipitation with Ce3+ precursor ([Pd+Ce3+]) and by impregnation on CeO: 
(Pd/Ce02). The samples were previously pre-treated under 50 ml min'1 of He at 500 °C. During the
CO-TPR the flow consisted in 20 ml min"1 of 10%CO/He in 30 ml min'1 of He.
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Figure 6-11: CO consumption (A) and CO2 formation (B) during CO-TPR experiments for Pt-Ce02 
samples prepared by co-precipitation with Ce3+ precursor {[Pt+Ce3+]) and by impregnation on Ce02 
(Pt/Ce02). The samples were previously pre-treated under 50 ml min'1 of He at 500 °C. During the 
CO-TPR the flow consisted in 20 ml min'1 of 10%CO/He in 30 ml min'1 of He.
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Figure 6-12: CO consumption (A) and CO2 formation (B) during CO-TPR experiments for Rh-Ce02 
samples prepared by co-precipitation with Ce3+ precursor ([Rh+Ce3+]) and by impregnation on Ce02 
(Rh/Ce02). The samples were previously pre-treated under 50 ml min'1 of He at 500 °C. During the 
CO-TPR the flow consisted in 20 ml min'1 of 10%CO/He in 30 mi min'1 of He.
Chapter b: Impact ot the noble metal on N M -C e02co-precipitation | 3 |
PtO reduction appeared at slightly lower temperature for 0.5Pt/CeC>2 than for 
[0.5Pt+Ce3+], possibly due to a greater interaction between Pt and the support on 
[0.5Pt+Ce3+] [27]. Similar results were also obtained during H2-TPR experiments.
The comparison of Rh-Ce02 samples was complicated, as no well-defined peaks 
were identified for the 0.5Rh/CeO2 sample, which suggested the formation of 
multiple Rh particle types. However, these peaks were sharper and better defined 
for [0.5Rh+Ce3+], which could be associated to a strong interaction between Rh 
and Ce and a more homogeneous distribution of Rh particles compared to the 
impregnated catalyst. These results also agree with the H2-TPR profiles, where the 
reduction of Rh-Ce led to wide peaks, suggesting the presence of multiple Rh 
species; also during these experiments the reduction of Rh-Ce for the co- 
precipitated [0.5Rh+Ce3+] led to a slightly sharper peak and at higher temperature 
than for the 0.5Rh/CeO2 sample.
No CO-TPR data was found in the literature for Rh-catalysts; all the available TPR  
data was performed under H2 instead of CO for this type of experiments, possibly 
due to the complexity of the CO-TPR profiles, as shown here. Thus, the profiles 
and the peak positions could not be compared with any published data.
6.3.3. Oxygen Storage Capacity (OSC)
The impact of the noble metal on the OSC was evaluated. The results can be 
found in Figure 6-13. As can be seen, all the samples prepared by co-precipitation 
showed improved OSC compared to the impregnated samples. However, other 
than [0.5Pd+Ce3+], this improvement was only noticeable at temperatures higher 
than 200 °C in most cases.
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Figure 6-13: OSC profiles of Pd-, Pt-, and Rh-Ce02 samples prepared by co-precipitation and by 
impregnation. The OSC measurement was performed alternating switches between 0 2 (10 ml m in1 of 
5 % 02/He) and CO (10 ml min'1 of 10 %CO/He) using He as a carrier gas (90 ml min'1) at steady state 
temperatures. OSC instrument average standard error = ± 8 pmol O g*1.
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The lack of improvement in the low temperature region for Pt-CeC>2 and Rh-Ce02 
samples could be associated with a lower number of surface active sites on the 
co-precipitated materials compared to the reference catalysts. In Ce02-based 
samples the low temperature OSC (< 300 °C) is dominated by the surface and the 
high temperature OSC (> 300 °C) by the bulk [20, 26, 28], At 400 °C, the OSC for 
the co-precipitated sample compared to the impregnated sample increased by 
170 pmol O g'1 for Pd, and 34 pmol O g'1 for Pt. The improvement of these 
samples was significantly lower than that of the [0.5Rh+Ce3+] sample which 
improved by 282 pmol O g‘1 compared to 0.5Rh/CeO2. Comparing the Rh-Ce02 
samples with different loadings, [0.1Rh+Ce3+] showed a similar improvement as 
[0.5Rh+Ce3+] compared to its equivalent impregnated catalysts, improving by 
229 pmol O g"1. Overall, comparing the samples prepared by co-precipitation, Rh 
was a better noble metal to obtain high OSC at temperatures higher than 300 °C, 
and Pd to obtain high OSC at temperatures lower than 300 °C.
The efficiency from ceria (without the noble metal contribution) was calculated. 
The trends can be found in Figure 6-14 and Table 6-6.
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Figure 6-14: Ceria efficiency during the OSC test of Pd-, Pt-, and Rh-Ce02 samples prepared by wet 
impregnation on Ce02 (A) and by co-precipitation with Ce3+ precursor (B).
Temperature / °C
B) Co-precipitation
0.5Pt
0.1Rh
0.5Pd
216 Chapter 6: Impact of the noble metal on NM-CeCb co-precipitation
Table 6-6: Ce-efficiency at 400 °C during the OSC test of Pd-, Pt-, and Rh-Ce02 samples prepared by
impregnation and by co-precipitation.
0.5Pd-CeO2 9 15
0.5Pt-CeO2 14 22
0.5Rh-CeO2 13 30
0.1Rh-CeO2 4 18
Three d iffe rent effects can be seen. The largest facto r on which the 
ceria -e ffic iency depended appears to be the NM loading used (the increase o f NM 
increased the effic iency) followed by the preparation method, as shown for the Rh- 
C e 0 2 ca ta lysts [24]. All the sam ples prepared by co-precipita tion were more 
e ffic ien t than those prepared by im pregnation. This is believed to occur as a 
consequence o f a higher num ber o f NM and Ce atoms in contact, which allowed 
easier oxygen transfer.
The type o f NM also had an influence, with the effic iency fo llow ing the trend: 
Rh > Pt > Pd, agreeing w ith studies already published [26, 28, 29]. This trend is 
shown in Table  6-6, which com pares the effic iency values o f these sam ples at 400 
°C. The h igher e ffic iency of Rh is related to its h igher oxygen activation, due to 
conta in  a high population of oxygen species loosely bounded to the surface when 
oxid ised [26]. The greater reducib ility o f Rh could also be noticed during H 2 -TPR 
experim ents, where R h -C e 0 2 sam ples presented the lowest reduction tem perature 
peaks o f un-prom oted surface ceria.
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6.4. Kinetic characterisation: CO-SSITKA
The kinetics of the CO oxidation reaction were studied by CO-SSITKA. The range 
of temperature evaluated was changed for each sample, in order to maintain 
5 -  10% CO conversion. For the Pd-Ce02 samples the temperature range studied 
was between 30 to 80 °C, for Pt-Ce02 samples between 180 to 230 °C, and for 
Rh-Ce02 samples between 100 to 150 °C. The reaction rates obtained can be 
seen in Figure 6-15.
[0.5Pd+Ce3+] was the only co-precipitated sample to show a higher reaction rate 
than the equivalent impregnated catalyst. [0.5Pt+Ce3+] appeared to have a similar 
reaction rate to 0.5Pt/CeO2, and [0.5Rh+Ce3+] showed a significantly lower 
reaction rate compared to 0.5Rh/CeO2. The lower reaction rates obtained for 
[0.5Pt+Ce3+] and [0.5Rh+Ce3+] could be associated with a lower number of surface 
active sites compared to their reference impregnated materials, as observed by 
the surface characterisation performed on these samples (CO chemisorption, 
EtOH-TPSR, and ethane hydrogenolysis) shown in section 6.2.2.
The different noble metals used in these catalysts did not have an impact on the 
reaction order, with a reaction order of zero with respect to 0 2 and 1 with respect 
to CO. Since the reaction seems to be independent of the 0 2 concentration in the 
feed, this suggests that the reaction occurs through the mechanism where CO is 
first adsorbed on the NM particle and subsequently reacts on the NM-Ce interface 
with oxygen from the support, which has either diffused from the C e 0 2 surface or 
from the bulk [30, 31].
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Figure 6-15: CO oxidation reaction rate of Pd-, Pt-, and Rh-Ce02 samples prepared by impregnation on 
Ce02 (NM/Ce02) and by co-precipitation with Ce'5* precursor ([NM+Ce3*])- The gas flows used were 
52.5 ml min'1 of 5% 0 2/He, 5.5 ml min'1 of 1%CO/5%Ar/He (12C) and 5.5 ml min'1 of 1%CO/He (13C). The 
average reaction rate standard error was ±0.01 pmol g'1 s'1.
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Table 6-7: Estimated equation rates of CO oxidation reaction and activation energies (£ a) for Pd-, Pt-, 
and Rh-Ce02 samples prepared by wet impregnation on Ce02 (NM/Ce02) and by co-precipitation with 
Ce3+ precursor ([NM+Ce3+]). The standard errors for £a are shown between brakets next to the values.
0.5Pd/CeO2 r = k [CO] 27 (±2)
[0.5Pd+Ce3+] r = k [CO] 11 (±<1)
0.5Pt/CeO2 r = k [CO] 13 (± 2)
[0.5Pt+Ce3+] r = k [CO] 10 (± 3)
0.5Rh/CeO2 r = k [CO] 56 (± 3)
[0.5Rh+Ce3+] r = k [CO] 108 (± 3)
In contrast, the activation energy (£a) was affected by the preparation method 
depending on the type of NM used; [0.5Pd+Ce3+] showed a lower Ea value than 
0.5Pd/CeO2 (11 and 27 kJ mol'1, respectively), whilst 0.5Pt/CeO2 and [0.5Pt+Ce3+] 
samples showed similar Ea values (between 13 and 10 kJ mol'1, respectively) 
independent of the preparation method used. Rh-Ce02 samples showed 
significantly higher Ea values than Pd- and Pt-Ce02 samples; however, the Ea of 
the Rh sample prepared by impregnation was about half of the value of that 
prepared by co-precipitation (56 and 108 kJ mol'1, respectively). The different Ea 
values between Pd-, Pt- and Rh- could be associated to the different metal particle 
sizes, the particle morphology and/or the metal-support interaction, which can 
affect the oxygen activation process [29]. A summary of the £a values can be 
found in Table 6-7.
Since no exact quantification of particle size or morphology could be performed on 
these catalysts, the justification of the Ea values obtained can only be speculated.
The lower £a value for [0.5Pd+Ce3+] compared to 0.5Pd/CeO2 suggests a better 
interaction between Pd-Ce in the co-precipitated sample, which would allow a 
faster oxygen transfer for the CO oxidation reaction.
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The similar Ea values between [0.5Pt+Ce3+] and 0.5Pt/CeO2 suggests that the 
better Pd-Ce interaction created during the co-precipitation of [0.5Pt+Ce3+] (shown 
by TPR and OSC experiments) could have been counteracted by a decrease of Pt 
surface area (as shown during CO chemisorption and EtOH-TPSR analyses).
The lower Ea values obtained for [0.5Rh+Ce3+] compared to 0.5Rh/CeO2 suggests 
that the counteracted effects due to the loss of Rh surface area in the 
co-precipitated material (shown during CO chemisorption and ethane 
hydrogenolysis) could have had a significant impact in the oxygen activation.
6.5. L ig h t-o ff perform ance
As in the previous chapters, the activities of the samples were tested under 
continuous cold-start conditions and perturbed conditions. The results can be 
found in the following sections.
6.5.1. Cold start conditions
Figure 6-16 compares CO, NOx and HC light-off profiles under cold-start 
conditions for Pd-Ce02 samples and Figure 6-17 for Pt-Ce02 and Rh-Ce02 
samples.
To aid comparison, Table 6-8 summarises T50 for CO and NOx, and T30 for HC 
found during this test. The T50 and T30 difference between impregnated and co- 
precipitated values (AT50 and AT30) was calculated and is also shown in this 
table. Positive values mean a shift towards higher temperature and a negative 
value a shift towards lower temperature, based on the comparison of the 
co-precipitated material with the impregnated catalyst.
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Figure 6-16: From top to bottom, CO, NOx and HC light-off performance under constant lambda at 0.95 
of 0.5Pd-CeO2 catalysts prepared by impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ 
([0.5Pd+Ce3+]) and Ce4+ ([0.5Pd+Ce4+]) precursors. The sample taken was 0.4 g (0.2 g sample + 0.2 g 
cordierite) and the gas flow rate 2 L min'1. The catalyst was heated using a ramp rate of 10 °C min'1
from 100 to 400 °C.
0.5Pt/CeO2 [0.5Pt+Ce3
100
so
80
70
60
50
40
30
20
10
kMMOa0
350 400100 150 200 250 300
Tem perature! "C
©
90
80
70
50
40
30
20
10
0
100 ISO 250 300 350 400200
Temperature / “C
100
90
80
70
50
U 40
30
20
10
100 150 200 400250 300 350
100
90
80
70
60
50
40
30
20
10
0.5Rh/CeO2
0.1Rh/CeO2
[0.5Rh+Ce3
[0.1Rh+Ce3+]
90
80
70
60
50
40
30
20
10
0
400300 350200 250150100
Temperature / °C
100
90
80
70
60
50
40
30
20
10
0
150 350100 200 250 300
Temperature /  °C
L
too 150 200
Temperature (  °C
250 300
Temperature I °C
Figure 6-17: From top to bottom, CO, NOx and HC light-off performance under constant lambda at 0.95 
of Pt-, and Rh-Ce02 samples prepared by impregnation on Ce02 (NM/Ce02) and by co-precipitation 
with Ce3+ precursor {[NM+Ce3+]). The sample taken was 0.4 g (0.2 g sample + 0.2 g cordierite) and the 
gas flow rate 2 L min'1. The catalyst was heated using a ramp rate of 10 °C min"1 from 100 to 400 °C.
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Table 6-8: Necessary temperature to achieve 50% conversion of CO and NOx and to achieve 30% 
conversion of HC during a light-off test under constant lambda at 0.95 for Pd-, Pt-, and Rh-Ce02 
samples prepared by impregnation and by co-precipitation. Light-off instrument average standard
error = ± 2 °C.
0.5Pd/CeO2 242
-14
257
-5
284
+1
[0.5Pd+Ce3+] 228 252 285
0.5Pt/CeO2 307
+25
321
+29
340
+17
[0.5Pt+Ce3+] 332 350 357
0.5Rh/CeO2 217
+26
232
+25
259
+25
[0.5Rh+Ce3+] 243 257 284
0.1Rh/CeO2 243
+44
236
+133
284
>+116
[0.1Rh+Ce3+] 287 369 >400
* AT = difference between impregnated and co-precipitated temperature values.
It can be seen that, in contrast to the 0.5Pd-CeO2 samples, under these conditions 
the 0.5Pt-CeO2 and 0.5Rh-CeO2 samples prepared by impregnation showed a 
better performance (lower light-off temperature) than those prepared by 
co-precipitation. This lower performance of the co-precipitated materials was most 
certainly due to a lower number of surface active sites, as shown previously in 
section 6.2.2. [25, 32-34].
Overall, comparing samples with equal NM loading, Rh was the noble metal that 
led to lower light-off temperatures, followed closely by Pd. Pt showed the highest 
light-off temperatures.
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6.5.2. Perturbed light-off
The samples were analysed under perturbed conditions at lambda values of 
0.99 ± 0.05 (rich) and 1.01 ± 0.05 (lean). The aim of this perturbed-test was to 
force the catalysts to use their OSC during the lambda changes. The results can 
be seen in Figure 6-19 and Figure 6-20.
The 0.5Pt/CeC>2 and [0.5Pt+Ce3+] samples showed similar performances, with 
[0.5Pt+Ce3+] leading to slightly higher conversions. These agreed with the 
characterisation performed previously, where it was shown that the deeper ceria 
encapsulation of Pt particles during the co-precipitation preparation could have 
counteracted the better Pt-Ce contact obtained with this preparation.
In the case of Rh, the co-precipitated materials showed an advantage over the 
impregnated catalysts. 0.5Rh-CeO2 samples prepared by both methods showed 
practically identical light-off temperatures, however the final pollutant conversions 
were significantly higher for [0.5Rh+Ce3+]. The superior performance of 
[0.5Rh+Ce3+] could be associated with the improved OSC that this sample 
showed, which is believed to be a consequence of a better Rh-Ce interaction.
For the low Rh-loading samples, the light-off of the co-precipitated material was 
clearly at higher temperature than for the impregnated catalyst, but NOx and CO 
final conversions were better. On the other hand, HC conversions were higher for 
the 0.1Rh/CeO2 sample. The significantly lower activity of [0.1Rh+Ce3+] was 
associated with a lower number of active sites on the surface [25]. However, the 
supposed improved Rh-Ce interaction (and therefore higher OSC) helped it to 
achieve better CO and NOx final conversions. It is known that the mechanism for 
HC conversion follows a different route which is not based on the activation of the 
oxygen, therefore the improved OSC would not have any impact here. Based on
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the characterisation performed here it was not possible to explain the lower HC 
conversion given by the co-precipitated material.
A summary of the conversion values can be found in Table 6-9 for the rich lambda 
and in Table 6-10 for the lean lambda. Pd-Ce02 samples have been added for 
comparison. Also here, the difference between the conversion obtained with the 
co-precipitated sample and the conversion obtained with the impregnated 
catalysts was calculated (A%). Overall, the conversion improvements were not 
highly significant (mostly <10 %). Comparing the different NM, the co-precipitated 
material with Rh was the sample that showed the most improved conversion, 
especially for NOx.
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Figure 6-18: Light-off performance under perturbed conditions for 0.5Pd-CeC>2 catalysts prepared by 
impregnation (0.5Pd/CeO2) and by co-precipitation using Ce3+ ([0.5Pd+Ce3+J) precursor. From top to 
bottom, CO, NOx and HC conversions; from left to right, iight-offs at lambdas 0.99 ± 0 .05 and 
1.01 ± 0.05. The sample size taken was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow rate 
5 L min'1. The catalyst was heated using a ramp rate of 10 °C min'1 from 110 to 500 °C.
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Figure 6-19: Light-off performance under perturbed conditions of Pt-Ce02 catalysts prepared by 
co-precipitation with Ce3+ and by impregnation on Ce02. From top to bottom, CO, NOx and HC 
conversions; from left to right, light-offs at lambdas 0.99 ± 0.05 and 1.01 ± 0.05. The sample size taken 
was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow rate 5 L min'1. The catalyst was heated 
using a ramp rate of 10 °C min'1 from 110 to 500 °C.
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Figure 6-20: Light-off performance under perturbed conditions of Rh-Ce02 catalysts prepared by 
co-precipitation with Ce3+ and by impregnation on Ce02. From top to bottom, CO, NOx and HC 
conversions; from left to right, light-offs at lambdas 0.99 ± 0.05 and 1.01 ± 0.05. The sample size taken 
was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow rate 5 L min’1. The catalyst was heated 
using a ramp rate of 10 °C min'1 from 110 to 500 °C.
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Table 6-9: Summary of the CO, NOx and HC conversions achieved at 350 °C at lambda 0.99 ± 0.05. A% 
values refer to the difference between the conversions from the co-precipitated material minus the
conversions from the impregnated material.
0.99 ± 0.05
WJMil b  |L I m I J |  I n j M
0.5Pd/CeO2 66
i
73
S u m
86
JK®JI
[0.5Pd+Ce3+] 73
+7
75
+2
87
+1
0.5Pt/CeO2 65 70 65
[0.5Pt+Ce3+] 71
+6
74
+4
71
+6
0.5Rh/CeO2 76 77 84
[0.5Rh+Ce3+] 83
+7
89
+12
92
+8
0.1Rh/CeO2 63 65 72
[0.1Rh+Ce3+] 70
+7
73
+8
67
-5
Table 6-10: Summary of the CO, NOx and HC conversions achieved at 350 °C at lambda 1.01 ± 0.05. A% 
values refer to the difference between the conversions from the co-precipitated material minus the
conversions from the impregnated material.
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6.6. Summary
The co-precipitation method led to different catalytic morphologies depending on 
the noble metal used. In all the cases evaluated here, the co-precipitation method 
improved NM-Ce interaction; however, the amount of surface metal exposed 
varied depending on the noble metal.
As previously shown in Chapter 4, the co-precipitation of palladium and cerium (III) 
led to a catalyst with a similar Pd surface area to the impregnated version but with 
a significantly improved Pd-Ce interaction, due to the larger number of Ce atoms 
promoted by Pd. It was concluded that this improvement was possibly a 
consequence of a partial ceria decoration on the Pd particles [24, 35].
For [0.5Pt+Ce3+] the co-precipitation also led to a product with an improved Pt-Ce 
interaction due to a larger number of Pt atoms in close contact with Ce atoms [8]. 
This could be especially noticed when comparing the amounts of H2 consumed 
during H2-TPR experiments (which was the largest for the [0.5Pt+Ce3+] sample), 
and by comparing the OSC values (which again were higher for the co-precipitated 
material). However, based on CO chemisorption, EtOH-TPSR and calculated XPS 
Ce/Pt atomic ratio, in the co-precipitated sample the Pt particles appeared to be 
either larger in size or to contain a larger amount of Ce02 covering them 
(compared to the amount seen on [0.5Pd+Ce3+]), which would have decreased the 
pollutants adsorption capacity [36]. Therefore, even if the Pt-Ce interaction was 
improved allowing better oxygen mobility, the poorer Pt surface area counteracted 
the improvement, leading to similar catalytic activities between the co-precipitated 
catalyst and the impregnated reference (in terms of light-off and pollutant 
conversions) [33, 37].
Regarding the preparations with Rh, catalysts with significantly larger Rh particles 
were obtained in comparison to Pd and Pt preparations, either by the impregnation
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or the co-precipitation routes (as CO chemisorption dispersion values stated). 
Similar to the Pt-Ce02 samples, the surface characterisation (CO chemisorption, 
ethane hydrogenolysis, and XPS calculated Ce/Rh atomic ratios) also showed that 
the metal surface area was significantly lower for the [0.5Rh+Ce3+] sample than for 
0.5Rh/CeO2. Compared to the impregnated catalyst, the lower Rh surface area 
affected the cold-start light-off, shifting it to higher temperatures [25, 34]. However, 
the partial ceria-decoration, which is believed to occur during the co-precipitation, 
greatly improved the Rh-Ce interaction (especially obvious when comparing the H2 
consumption during H2-TPR experiments). As a consequence, a significant 
improvement in the OSC properties of the Rh co-precipitated catalyst was seen, 
which could also be linked to higher conversions obtained during perturbed light- 
off tests [24].
From all the catalysts evaluated here, [0.5Rh+Ce3+] was the catalyst that 
presented the largest improvement in terms of NM-Ce interaction compared to its 
impregnated version. Based on reported studies, this could be associated to a 
higher spillover capacity of Rh, which can promote a higher number of ceria atoms 
than Pt or Pd [26, 28, 29].
Table 6-11 summarises the main properties of these materials:
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Table 6-11: Results obtained on the co-precipitated materials with Ce3+ precursor. The results shown 
here are based on the comparison with the reference impregnated materials.
XRD Pd outside 
structure Pt outside structure Rh outside structure
XPS Shift of Pd3d to 
higher binding 
energy. 
Ce/NM atomic 
ratio: 36% 
increase.
,r" —  ---  ~ — - - — -
No shift of Pt4f to 
higher binding 
energy.
Ce/NM atomic ratio: 
48% increase.
No shift of Rh3d to 
higher binding energy. 
Ce/NM atomic ratio: 
18% increase.
Metal
surface
area
3.5% lower 54% lower 48% lower
TPR Sharp reduction
Higher H2 
consumption
Sharp reduction
Similar H2 
consumption
Sharp reduction
Significantly higher H2 
consumption
Cold light- 
off T Similar Worse Worse
Perturbed
final
conversion
Better Slightly better Significantly better
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7. Bimetallic catalysts based on 0.5Pd-0.1Rh-CeO2
Commercial TWC usually contain Pd and Rh, typically in a weight ratio of 
approximately 5:1. These metals can be found separated in 2-layer formulations or 
together in 1-layer forming an alloy. However, the interaction of Pd and Rh has 
been seen to have a negative impact on the activity of the catalyst, as depending 
on the type of ageing experienced the composition of the alloy changes. Rich 
ageing segregates Rh out of the alloy to cover the Pd; under oxidising conditions 
at high temperature (< 600 °C) Pd segregates as PdO, covering the Pd-Rh alloy, 
which results in the suppression of Rh activity to reduce NOx [1]. Therefore, 
separation of the noble metals to avoid these Pd-Rh interactions is desired, which 
can significantly increase the complexity of the catalyst system [2].
With the aim of studying how the different preparations affect Pd-Rh interaction, 
0.1Rh-0.5Pd-CeC>2 catalysts were synthesised by different routes:
1) Co-impregnation of Rh and Pd (0.1Rh-0.5Pd/CeO2).
2) Impregnation of Rh on co-precipitated Pd and Ce (0.1Rh/[0.5Pd+Ce]).
3) Co-precipitation of Rh, Pd and Ce simultaneously [0.1Rh+0.5Pd+Ce].
In all catalysts the Pd:Rh ratio used was 5:1 with a weight loading of 0.5 wt% Pd 
and 0.1 wt% Rh. The ceria precursor used for the co-precipitated materials in all 
cases was Ce(N0 3 )3 -6 H2 0  (Ce3+ precursor), supplied by Alfa Aesar. The 
precursor used for Pd was Pd(NOs)2  solution supplied by Johnson Matthey. The 
choice of Rh precursor depended on the preparation method as will be explained 
in the following sections, where Rh(N03)3 or Rh (II) citrate were used; both 
solutions were also supplied by Johnson Matthey.
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7.1. Catalysts preparation: observations
As detailed above, three different catalysts were prepared by different routes. The 
co-impregnation and the co-precipitation of Pd and Rh were performed with the 
aim of maximising Pd-Rh contact; the impregnation of Rh on the co-precipitated 
material [0.5Pd+Ce3+] was an attempt to minimise their interaction within the same 
component.
For the impregnation of Rh on [0.5Pd+Ce3+] an organic precursor was used to 
decrease the acidity during the preparation, as a too acidic medium could 
re-dissolve any NM already present while the new metals are being impregnated
[3]. For this reason the precursor used was Rh(ll) citrate: (Rh2(H2Cit)4 )1.
The colour of these samples remained unchanged in all cases, suggesting no 
modifications in the oxidation state of the metals, which were already present as 
oxides.
7.1.1. 0.1Rh-0.5Pd co-impregnation on Ce02
Rh nitrate and Pd nitrate solutions were mixed together in a beaker and diluted 
with a 20% excess of demineralised H20  to fully fill all pores of the Ce02 support.
The solution was added with a pipette and mixed to achieve maximum 
homogeneity. The sample was dried at 105 °C overnight and calcined at 650 °C 
for 2h.
7.1.2. 0.1 Rh impregnation on [0.5Pd+Ce3+]
Rh(ll) citrate was diluted with 20% excess of demineralised H20  to fully fill all 
pores of the [0.5Pd+Ce3+] catalyst. The solution was added with a pipette and
1 Cit = citrate (C3H40 6-0H)3‘
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mixed to achieve maximum homogeneity. The sample was dried at 105 °C 
overnight and calcined at 650 °C for 2h.
Note that [0.5Pd+Ce3+] had been previously calcined at 650 °C/2h before Rh 
impregnation; therefore, overall this support was exposed for a total of 4 hours to 
650 °C.
7.1.3. Co-precipitation of [0.1 Rh+0.5Pd+Ce3+]
The same procedure described in Chapter 2 was used for this preparation. Rh 
nitrate, Pd nitrate and Ce(lll) nitrate precursors were mixed in 150 ml of 
demineralised H20. This solution was then added with a peristaltic pump to the 
basified solution.
The precipitate obtained was dark grey. Since previously a similar preparation 
based on [Rh+Ce3+] did not reduce Rh, the dark colour is assumed to be only 
related to the presence of metallic Pd. After the calcination this material changed 
colour to yellow, suggesting the oxidation of metallic Pd to PdO [4].
7.2. Structural characterisation
The structural characterisation was done by XRD. The aim of this study was to 
identify differences in the ceria structure between the samples prepared by the 
different methods, especially for the co-precipitated materials where any impact 
caused by the addition of multiple noble metals (NM) during the preparation was 
monitored. In most of the characterisation results, the mono-metallic catalysts 
based on 0.1Rh-CeO2 and 0.5Pd-CeO2 have been also included for comparison.
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7.2.1 X-Ray Diffraction (XRD)
All three bimetallic catalysts presented cubic ceria structure and no information 
regarding the NM was obtained, suggesting that the NM were highly dispersed [5]. 
The XRD profiles can be seen in Figure 7-1:
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Figure 7-1: XRD profiles for Pd-Rh-Ce02 samples prepared by co-precipitation with Ce3+ precursor 
([Rh+Pd+Ce3+]), by wet impregnation on Ce02 (Rh-Pd/Ce02), and by a combination of both methods 
(Rh/[Pd+Ce3+]). The peaks corresponding to the cubic C e02 phase are indicated as (*).
Table 7-1 summarises the lattice parameter a and the ceria crystallite size values, 
as well as their BET-SSA. Compared to the mono-metallic catalysts, the bimetallic 
samples did not differ significantly. Similar lattice parameters and ceria crystallite 
size were obtained.
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Table 7-1: Lattice parameter a and ceria crystallite size analysed by XRD, and specific surface area 
calculated by BET, of Pd-Ce02, Rh-CeC>2 , and Pd-Rh-CeC>2 samples prepared by co-precipitation with 
Ce3+ precursor ([(NIVi+Ce3+]), by wet impregnation on Ce(> 2  (NM/CeCh), and by a combination of both 
methods (Rh/[Pd+Ce3+]). Calculated errors (reported in brackets) for crystallite size (nm) and lattice 
parameter data (A) refer to the last significant figure; BET-SSA instrument standard error = ± 4 g 1.
Ce02 Reference 
[5]
5.411 - - -
0.1Rh/CeO2 5.410 6.61 (±0.08) 106 0.13
[0.1Rh+Ce] 5.407 5.66 (±0.08) 124 0.12
0.5Pd/CeO2 5.410 5.83 (±0.07) 138 0.51
[0.5Pd+Ce] 5.409 5.51 (±0.05) 114 0.50
0.1 Rh-0.5Pd/CeO2 5.410 5.65 (±0.06) 131
Pd = 0.51 
Rh = 0.13
0.1Rh/[0.5Pd+Ce] 5.407 4.62 (±0.05) 114
Pd = 0.49 
Rh = 0.12
[0.1 Rh+0.5Pd+Ce] 5.411 4.64 (±0.05) 135
Pd = 0.46 
Rh = 0.12
7.3. Surface characterisation
7.3.1. X-Ray Photoelectron Spectroscopy (XPS)
The bimetallic 0.1Rh-0.5Pd-CeO2 catalysts prepared by the different routes were 
submitted for XPS analyses and compared to 0.1 Rh- and 0.5Pd-CeO2 catalysts 
prepared by impregnation and by co-precipitation. A summary of Pd3d and Rh3d 
bands positions, as well as the calculated Ce/NM atomic ratios obtained from 
these analyses can be found in Table 7-2.
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Table 7-2: Summary of the XPS bands positions for Pd3d and Rh3d, and calculated Ce/NM and Pd/Rh 
atomic ratio for Pd-, Rh- and Rh-Pd-CeC>2 samples prepared by co-precipitation with Ce3+ precursor 
{[(NM+Ce3+]), by wet impregnation on CeC>2 (NM/Ce02), and by a combination of both methods
(Rh/[Pd+Ce3+J).
Pd° PdO Pd02 Rh20 3
0.1Rh/CeO2 Rh = 111 - - 308.1313.1
[0.1Rh+Ce] *Rh not detectable - -
*Rh not 
detectable
0.5Pd/CeO2 Pd = 34 - - 337.6342.9 - -
[0.5Pd+Ce] Pd = 54 - - 337.3342.5
338.3
343.5 -
(0.1 Rh-0.5Pd)/CeO2
*Rh not 
detectable 
Pd = 48
*Rh not 
detectable
335.8
341.1
337.6
342.8
339.5
344.8
* Rh not 
detectable
0.1Rh/[0.5Pd+Ce] Rh = 216 Pd = 87 2.5
335.8
341.1
337.8
343.0 -
309.1
314.0
[0.1 Rh+0.5Pd+Ce]
*Rh not 
detectable 
Pd = 82
*Rh not 
detectable
335.7
341.2
337.7
343.0 -
*Rh not 
detectable
In most cases Rh could not be detected. Rh3d bands were only visible for 
0.1 Rh/[0.5Pd+Ce], suggesting a larger surface Rh concentration than for 
(0.1Rh-0.5Pd)/CeO2 and [0.1 Rh+0.5Pd+Ce] (Figure 7-2). These bands appeared 
at 309.1 (Rh3d5/2) and at 314.0 eV (Rh3d3/2), and were attributed to Rh20 3 [6, 7]. 
For (0.1Rh-0.5Pd)/CeO2 and [0.1Rh+0.5Pd+Ce] samples, it could be possible that 
the intimate contact between Pd and Rh would have promoted the formation of a 
Pd-Rh alloy. It is also well reported that the exposure of Pd-Rh alloys to oxidation 
conditions at high temperature segregates Pd as PdO, covering the Pd-Rh alloy, 
and thus decreasing the number of Rh surface sites [1, 8]. This could have 
occurred during the calcination of these catalysts at 650 °C, which would explain 
the lower Rh surface concentration of (0.1Rh-0.5Pd)/CeO2 and [0.1 Rh+0.5Pd+Ce] 
samples compared to 0.1Rh/[0.5Pd+Ce],
Rh3d5/2
Rh (III)
Rh3d3/2
Rh (III)
0.1Rh/[0.5Pd+Ce3+]
(0.1Rh-0.5Pd)/CeO2
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Figure 7-2: Rh3d XPS spectra of Rh-Pd-Ce02 samples prepared by co-precipitation with Ce3+ precursor 
([(Rh+Pd+Ce3+j), by wet impregnation on Ce02 (Rh-Pd/Ce02), and by a combination of both methods
Rh3d bands for 0.1Rh/[0.5Pd+Ce], appeared at the same position as those for 
0.1Rh/CeC>2 (see Table 7-2). Regarding Rh surface content, the 0.1Rh/[0.5Pd+Ce] 
sample had a calculated Ce/Rh atomic ratio of 216 which was considerably higher 
than that for 0.1Rh/CeO2 (111). Since in both cases Rh was added by 
impregnation, it was expected to find all the Rh metal on the surface with minimum 
encapsulation. The higher Ce/Rh atomic ratio of the bimetallic sample could be 
related to the presence of larger Rh particles or due to encapsulation by PdO 
particles, this however could not be concluded from this characterisation.
In contrast to Rh, Pd3d bands could be detected in all these samples due to the 
higher Pd loading. Different Pd species were found in each of the materials 
evaluated (see below) [6]:
(0.1 Rh-0.5Pd)/CeO2: 63% PdO, 15% Pd metal, 22% Pd02.
0.1 Rh/[0.5Pd+Ce]: 84% PdO, 16% Pd metal.
[0.1 Rh+0.5Pd+Ce]: 92% PdO, 8% Pd metal.
(Rh/[Pd+Ce3+])- The vertical lines point the position of the Rh species detected.
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In all cases, the main Pd species existed as PdO and metallic Pd. A higher Pd 
oxidation state (bands positions related to Pd02) was only detected for 
(0.1Rh-0.5Pd)/CeO2, which contained a higher content of these species than 
metallic Pd (22% and 15%, respectively). The detection of these bands indicated 
that there was an electronic interaction, either with the support or with the Rh, 
which was stronger than for 0.1 Rh/[0.5Pd+Ce] and [0.1 Rh+0.5Pd+Ce] [9, 10]. This 
differs with the results seen previously for [0.5Pd+Ce] and 0.5Pd/CeO2 samples, 
where XPS bands close to those associated to P d02 were only detected for the 
co-precipitated material but not for the impregnated sample.
The formation of metallic Pd could suggest the presence of Pd-Rh alloy [8]. Based 
on this, (0.1Rh-0.5Pd)/CeO2 and 0.1Rh/[0.5Pd+Ce] would appear to contain a 
higher content of Pd-Rh alloy than [0.1 Rh+0.5Pd+Ce]. This would suggest that the 
impregnation of Rh on [0.5Pd+Ce] has not stopped Pd and Rh from interacting.
Figure 7-3 compares the Pd3d bands obtained for the bimetallic catalysts:
Pd metal
Pd metal
;0.1Rh-0.5Pd)/CeO2
0.1 Rh/[0.5Pd+Ce ]
M [0.1 Rh+0.5Pd+Ce3+]
332 334 336 338 340 342 344
Binding Energy I eV
346 348 350
Figure 7-3: Pd3d XPS spectra of Rh-Pd-Ce02 samples prepared by co-precipitation with Ce3+ precursor 
{[(Rh+Pd+Ce3+])> by wet impregnation on Ce02 (Rh-Pd/Ce02), and by a combination of both methods 
(Rh/[Pd+Ce3+]). The vertical lines point the position of the different Pd species detected.
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0.1Rh-0.5Pd/CeO2 was the bimetallic sample with the most surface Pd based on 
the comparison of the calculated Ce/Pd atomic ratios. However, this Ce/Pd atomic 
ratio was higher than that for 0.5Pd/CeC>2. As previously mentioned, since these 
catalysts were prepared by impregnation, minimum ceria decoration is expected 
and therefore the increase of Ce/Pd atomic ratio for 0.1Rh-0.5Pd/CeC>2 could be 
related with the presence of larger Pd particles.
0.1Rh/[0.5Pd+Ce] and [0.1Rh+0.5Pd+Ce] contained similar Ce/Pd atomic ratios, 
which were higher than that found for 0.1Rh-0.5Pd/CeO2. Just based on these 
analyses it was not possible to conclude if the higher Ce/Pd atomic ratio was due 
to a higher ceria decoration and/or to larger Pd particles. Compared to [0.5Pd+Ce], 
the Ce/Pd atomic ratios of the bimetallic samples were also higher.
Similar to results found in previous chapters, Ce3d signals (not shown here) 
showed that most of the ceria was present as Ce4+, suggesting the oxidation of 
Ce3+ to Ce4+ during the calcination process.
7.3.2. Surface analyses: CO chemisorption, EtOH-TPSR, and ethane hydrogenolysis 
Similar to previous samples, the metal surface area was evaluated by several 
methods. All the samples were analysed by CO chemisorption, but in addition 
Pd-containing samples were analysed by EtOH-TPSR (for the selective 
quantification of Pd surface area), and Rh-containing samples by ethane 
hydrogenolysis (for the selective characterisation of Rh surface area). The profiles 
of the ethane hydrogenolysis can be found in Figure 7-4 and a summary of all the 
surface characterisation results in Table 7-3.
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Table 7-3: Quantitative and qualitative analyses of metal surface area calculated by XPS, by CO 
chemisorption, by EtOH-TPSR (in the case of Pd) and by ethane hydrogenolysis (in the case of Rh) for 
Rh-, Pd- and Rh-Pd-Ce02 catalysts prepared by co-precipitation with Ce3+ precursor ([(NM+Ce3+J), by 
wet impregnation on Ce02 (NM/Ce02), and by a combination of both methods (Rh/[Pd+Ce3+]). CO 
chemisorption instrument standard error = ± 2% (for metal dispersion) and ± 0.04 m2 g'1 (for metal 
surface area); EtOH-TPSR instrument standard error = ± 0.1 m2 g"1; Ethane hydrogenolysis
instruments standard error = ± 4 °C.
Ce/NM 
atomic 
ratio 
/ a.u.
Metal
dispersion
/%
Metal
surface
area
/ m2 g'1
T50 / °C
max
ppm
CH4gi
sample'1
ppm
EtOH'1
Pd
surface
area
/ m2 g'1
0.1Rh/CeO2 Rh = 111 56 0.2 321 - -
[0.1Rh+Ce] - 11 0.1 414 - -
0.5Pd/CeO2 Pd = 34 52 1.2 - 1.9 0.9
[0.5Pd+Ce] Pd = 53 51 1.1 - 1.1 0.5
0.5Pd-0.1 Rh/Ce02 Pd =48 62 1.7 397 1.8 0.8
0.1Rh/[0.5Pd+Ce]
Rh = 216 
Pd = 86
53 1.4 351 1.4 0.6
[0.1 Rh+0.5Pd+Ce] Pd = 82 48 1.3 388 1.1 0.5
The same general trends were observed for CO chemisorption and EtOH-TPSR 
for metal surface area. The CO chemisorption results appeared to be always 
higher with the Pd-Rh-Ce02 samples as besides measuring the total surface area 
of both metals (it is not a selective technique), it also measures the extra 
contribution of the adsorption at the NM-Ce interface [11]. In addition, the CO 
adsorption stoichiometry is known to be different between Pd and Rh, which can 
also result in misleading dispersion values [12-15].
If the bimetallic catalysts are compared, based on the ethane hydrogenolysis and 
EtOH-TPSR results, 0.1 Rh/[0.5Pd+Ce] contained more surface Rh but less Pd 
than 0.1Rh-0.5Pd/CeO2. On the other hand, the co-precipitated
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[0.1Rh+0.5Pd+Ce], contained significantly less Pd at the surface, but slightly more 
surface Rh than 0.1Rh-0.5Pd/CeO2. This agrees with the conclusions obtained by 
XPS. As already mentioned, it is possible that on the co-impregnated sample 
(0.1Rh-0.5Pd/CeO2) Pd could have been placed on top of Rh during the 
calcination process, blocking the Rh sites [8].
Summarising, from less to more metal surface area:
• Pd on surface (based on EtOH-TPSR): [0.1Rh+0.5Pd+Ce] <
0.1Rh/[0.5Pd+Ce] < 0.1Rh-0.5Pd/CeO2
• Rh on surface (based on ethane hydrogenolysis): 0.1Rh-0.5Pd/CeO2 < 
[0.1 Rh+0.5Pd+Ce] < 0.1Rh/[0.5Pd+Ce].
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Figure 7-4: Ethane hydrogenolysis profiles performed on Rh-Ce02 and Rh-Pd-Ce02 samples prepared 
by co-precipitation with Ce3+ precursor {[(NM+Ce3+3), by wet impregnation on Ce02 (NM/Ce02), and by 
a combination of both methods (Rh/[Pd+Ce3+3). Each sample was firstly pre-treated under He at 300 °C 
for 30 minutes. Following this, the sample was cooled down to 150 °C and the gas flows set to 50 ml 
min'1 10%H2/N2 and 10 ml min'1 1 0 %C2H6/N2. Once a stable signal was obtained, a temperature ramp of
10 °C min’1 was applied up to 450 °C.
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The results obtained here for the bimetallic catalysts were also compared to those 
obtained for 0.5Pd-CeO2 and 0.1Rh-CeO2 catalysts:
• 0.1Rh-0.5Pd/CeO2 was compared to 0.1Rh/CeO2 and 0.5Pd/CeO2. It was 
seen that Pd surface area was similar to that of 0.5Pd/CeO2. However, the 
calculated XPS Ce/Pd atomic ratio was slightly higher for 
0.1Rh-0.5Pd/CeO2 than for 0.5Pd/CeO2. Since both samples contained 
similar amounts of surface Pd, the small increase of Ce/Pd atomic ratio is 
possibly associated with some Pd particles forming part of a Pd-Rh alloy on 
the bimetallic catalyst. This would agree with the presence of metallic Pd 
already seen during the XPS peak analysis.
The Rh surface area was lower than 0.1Rh/CeO2. The lower Rh surface 
area is believed to be due to the Pd coverage of the Rh particles.
• 0.1Rh/[0.5Pd+Ce] was compared to 0.1Rh/CeO2 and [0.5Pd+Ce]. Similar 
Pd surface areas were found for 0.1Rh/[0.5Pd+Ce] and [0.5Pd+Ce]; 
however, in this case the Ce/Pd atomic ratio was significantly higher for 
0.1Rh/[0.5Pd+Ce], which suggest a considerable increase in ceria 
decoration in the bimetallic sample. This is likely to be associated to a 
higher sintering suffered by the bimetallic catalyst due to the second 
calcination performed on the [0.5Pd+Ce] component after Rh impregnation.
The Rh surface area appeared to be slightly lower than on 0.1Rh/CeO2; in 
addition, XPS Ce/Rh atomic ratio was also significantly higher for the 
bimetallic catalyst. This could occur as a consequence of an increase of 
Ce-decoration, and/or Pd segregation placed on Rh particles.
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• [0.1Rh+0.5Pd+Ce] was compared to [0.1Rh+Ce] and [0.5Pd+Ce]. Pd 
surface areas between [0.1Rh+0.5Pd+Ce] and [0.5Pd+Ce] were similar; 
however, the XPS Ce/Pd atomic ratio was significantly higher for the 
bimetallic catalyst. This suggests an increase of ceria decoration on Pd 
particles.
The Rh surface area was higher for the bi-metallic catalyst compared to 
[0.1Rh+Ce]. It is unknown if this occurred due to Rh being less 
encapsulated by ceria or to the formation of smaller Rh particles. From this 
characterisation reported here this could not be concluded.
7.4. Redox characterisation
7.4.1. H2-TPR
The three samples were analysed by H2-TPR; an overlay of the spectra can be 
found in Figure 7-5. All three samples presented three reduction regions between 
110 -  200 °C (NM-Ce reduction), 240 -  430 °C (unpromoted surface Ce02), and 
600 -  900 °C (bulk Ce02) [16-18].
0.1Rh/[0.5Pd+Ce] followed a similar profile to that of [0.1Rh+0.5Pd+Ce], which 
showed very sharp NM-Ce reduction peaks at 110 and 115 °C, respectively. 
These profiles were also highly similar to that of [0.5Pd+Ce3+] sample, suggesting 
that the bimetallic catalysts contain a good Pd-Ce contact. The intensity of their 
bulk ceria reduction was practically identical (between 600 -  900 °C), but the 
un-promoted surface ceria reduction (between 240 -  430 °C) was lower for the 
co-precipitated material. Since the specific surface areas were similar between 
these catalysts, the lower intensity of this peak cannot be associated to a lower 
number of surface Ce atoms. This matter will be further evaluated below.
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Figure 7-5: H2-TPR of Rh-, Pd- and Rh-Pd-Ce02 catalysts prepared by co-precipitation with Ce3+ 
precursor ([(NM+Ce3+J), by wet impregnation on Ce02 (NM/Ce02), and by a combination of both 
methods (Rh/[Pd+Ce3+J). The sample taken was ~0.2 g, and the flow used was 30 ml min'1 of 10% H2/N2
using 30 ml min'1 of N2 as carrier gas.
0.1 Rh-0.5Pd/CeC>2 followed closely the profile of 0.1Rh/[0.5Pd+Ce] in terms of the 
reduction of un-promoted surface and bulk ceria. However, the NM-Ce reduction
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was significantly less intense and appeared as two distinct peaks for the 
0.5Pd-0.1Rh/CeO2 sample, with the largest peak at 105 °C and the smallest at 
190 °C.
As an attempt to identify which peaks correspond to the reduction of each of the 
noble metals, the profiles of these samples were compared to those of the 
individual components (Figure 7-5). However as Pd and Rh reduction peaks 
appear at similar temperatures, and in addition changes in the particle size and 
level of interaction would also affect the position of those, this could not be 
performed exactly.
The reduction associated with Rh-Ce seen previously for the [0.1Rh+Ce] and 
0.1Rh/CeC>2 samples, led to reduction peaks at 80 -  305 °C and at 120 and 215 
°C positions, respectively. In the case of the [0.1Rh+0.5Pd+Ce] and 
0.1Rh/[0.5Pd+Ce] samples there were no peaks at these temperatures, only the 
sharp reduction peak which appeared at the same position as Pd-Ce reduction on 
the [0.5Pd+Ce] sample. Thus, it seems that in those samples where Pd was 
co-precipitated with Ce3+, the sharp Pd-Ce reduction dominates the profile, even in 
the presence of Rh. This could possibly be due to the higher Pd loading used 
compared to that of Rh.
In the case of 0.1Rh-0.5Pd/CeO2 it was not possible to clearly assign each 
reduction peak to each metal, as Pd-Ce and Rh-Ce reduction on 0.5Pd/CeC>2 and 
0.1Rh/CeC>2 occurred at similar positions. 0.5Pd/CeO2 contained two peaks, the 
largest at ~95 °C and a shoulder at 205 °C; 0.1Rh/CeO2 also contained two peaks, 
the main one at 215 °C and a shoulder at 120 °C. In addition, the co-existence of 
Pd and Rh would affect the NM stabilities and this could have had an impact on 
the position of their reduction peaks. If, as suggested by XPS characterisation,
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some Pd and Rh particles formed an alloy, this would have increased the stability 
of the NM particles, but also decreased the level of interaction with the ceria. In the 
case of 0.1 Rh-0.5Pd/CeO2 two peaks were observed in the 50 to 250 °C region; 
based on the assumptions, the peak at -105 °C could be associated with the 
reduction of the noble metals with less contact with ceria, whilst the peak at 
-190 °C could be related with the reduction of NM particles with greater contact 
with ceria. Table 7-4 summarises the reduction temperatures for the metals and 
ceria species as well as the H2 consumption:
Table 7-4: Summary of peak positions and H2 consumption during the H2-TPR experiments on Rh-Pd- 
Ce02 catalysts prepared by co-precipitation with Ce3+ precursor ([(Rh+Pd+Ce3+]), by wet impregnation 
on Ce02 (Rh-Pd/Ce02), and by a combination of both methods (Rh/[Pd+Ce3+]). Average instrument
standard error ± 0.02 mmol g'1.
Sample
Peak
temperature
1° C
h2
consumed 
/  mmol g‘1
Peak
temperature
1° C
h2
consumed 
/  mmol g"1
Peak
temperature
1° C
h2
consumed 
/  mmol g"1
0.1 Rh-0.5Pd/CeO2
105 
Shoulder at 
190
1.08 240 -  430 0.60 600 -  900 0.58
0.1Rh/[0.5Pd+Ce] 110 1.14 240 -  430 0.62 600 -  900 0.44
[0.1 Rh+0.5Pd+Ce] 115 0.89 240 -  430 0.38 6 0 0 -9 0 0 0.58
Besides the different peak shapes obtained, all three catalysts consumed similar 
amounts of H2 during the NM-Ce reduction, with the sample [0.1 Rh+0.5Pd+Ce] 
consuming just slightly less H2 compared to the other two catalysts. Thus, besides 
the different surface NM contents and compositions, the combination of NM and 
promoted Ce reduction has led to similar H2 consumption. This suggests that in 
those catalysts which appear to have lower NM surface areas, a larger number of 
Ce atoms were promoted (i.e. [0.1Rh+0.5Pd+Ce]) compared to the catalysts found 
to have higher surface NM content (i.e. 0.1Rh-0.5Pd/CeO2). This indicates that
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despite the lower NM surface areas achieved with the co-precipitation method 
compared to the impregnation synthesis, a larger number of NM and Ce atoms are 
placed in intimate contact.
Regarding the unpromoted surface ceria reduction, the [0.1Rh+0.5Pd+Ce] sample 
consumed less H2, compared to 0.1Rh-0.5Pd/CeO2 and 0.1Rh/[0.5Pd+Ce] 
samples. Since the ceria crystallite sizes and the catalysts specific surface areas 
were similar for these catalysts, this could suggest that a higher number of surface 
ceria atoms were promoted by the NM, which had been already reduced at the 
lowest temperature reduction region (as already suggested above). On the other 
hand, the bulk ceria reduction was similar for all the bimetallic catalysts.
7.4.2. CO-TPR
Similar reduction profiles were obtained for the three bimetallic catalysts, all of 
them showing peaks corresponding to the reduction of surface NM and promoted 
surface C e 0 2 (between 50 -  350 °C), to non-promoted C e0 2 reduction and water 
gas shift (between 400 -  700 °C), and to bulk C e 0 2 reduction (> 700 °C) 
[9, 19, 20]. The CO consumption and C 0 2 formation are represented in Figure 7-6.
In terms of NM reduction, all three samples showed a shoulder at about 130 °C 
and a more intense peak close to 300 °C, most certainly due to the different 
reductions of each of the noble metals. The initial shoulder appeared at similar 
temperatures for all these bi-metallic samples, whilst the more intense peak 
appeared at 270 °C for 0.5Pd-0.1Rh/CeO2, at 285 °C for [0.1Rh+0.5Pd+Ce], and 
at 290 °C for 0.1Rh/[0.5Pd+Ce]. A summary can be found in Table 7-5. The small 
differences in the position of this peak are an indication of different NM particle 
sizes and/or different level of interactions with the support and between the noble
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metals; the lower the temperature of the reduction peak, the less stable these 
particles are [9, 19]. Based on previous surface area measurements (section 7.3), 
the shift of the NM reduction to slightly higher temperature for 0.1Rh/[0.5Pd+Ce] 
and [0.1Rh+0.5Pd+Ce] compared to 0.1Rh-0.5Pd/CeO2, could be related to a 
higher NM-Ce interaction, as 0.1Rh/[0.5Pd+Ce] and [0.1 Rh+0.5Pd+Ce] contained 
more NM and Ce atoms in contact. These results also agree with those obtained 
during H2-TPR experiments.
[0.1Rh+0
0.5Pd-0.1 Rh/Ce02
30 130 230 330 430 530 630 730 830
Temperature / “C
0.1 Rh/[0.5Pd+Ce3*]
[0.1 Rh+0.5Pd+Ce3+]
0.5Pd-0.1 Rh/Ce02
0.1Rh/[0.5Pd+Ce3+]
330 430 530
Temperature I “C
Figure 7-6: CO-TPR of Rh-Pd-Ce02 catalysts prepared by co-precipitation with Ce3+ precursor 
{[{Rh+Pd+Ce3+J), by wet impregnation on Ce02 (Rh-Pd/Ce02), and by a combination of both methods 
(Rh/[Pd+Ce3*]). (From top to bottom) CO consumption and C02 formation during CO-TPR. The 
samples were previously pre-treated under 50 ml min"1 of He at 500 °C. During the CO-TPR the flow 
consisted in 20 ml min"1 of 10%CO/He in 30 ml min"1 of He.
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The reduction of surface Ce02 was highly similar between the samples, however 
bulk Ce02 reduction appeared at lower temperature for 0.1Rh/[0.5Pd+Ce] and 
[0.1Rh+0.5Pd+Ce] than for 0.1Rh-0.5Pd/CeC>2. This lower reduction temperature 
suggests better oxygen mobility in these samples.
Table 7-5: Comparison of the peak temperatures corresponding to the surface NM-Ox reduction of Rh- 
Pd-Ce02 catalysts prepared by co-precipitation with Ce3+ precursor ([(Rh+Pd+Ce3+]), by wet 
impregnation on Ce02 (Rh-Pd/Ce02), and by a combination of both methods (Rh/[Pd+Ce3+]).
to : KaaJtsMBson
0.1Rh-0.5Pd/CeO2
Shoulder at 155 °C 
Main peak at 270 °C
0.1 Rh/[0.5Pd+Ce3+]
Wide shoulder at 135 °C 
Main peak at 295 °C
[0.1 Rh+0.5Pd+Ce34]
Wide shoulder at 120 °C 
Main peak at 285 °C
7.4.3. Oxygen Storage Capacity (OSC)
In the previous chapters, 0.1Rh-CeC>2 and 0.5Pd-CeO2 catalysts were shown to 
behave differently in terms of OSC, with Rh a better noble metal to obtain a higher 
OSC and C e02-0SC  efficiency (see Chapter 6) [21, 22]. The preparation method 
also had a significant impact on their capacities, with all the samples prepared by 
co-precipitation showing improved OSC compared to the equivalent catalysts 
prepared by impregnation.
In the case of the bimetallic catalysts, not only interactions between the NM and 
the Ce are present, but also interactions between the two NM, which based on the 
characterisation performed, seem to be different depending on the preparation 
method. Thus, the impact of these interactions in the OSC is of great interest.
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The OSC for the bimetallic 0.1 Rh-0.5Pd-CeO2 samples can be seen in Figure 7-7. 
The three bimetallic catalysts were also compared to [0.5Pd+Ce], 0.5Pd/CeO2 and 
0.1 Rh/Ce02.
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Figure 7-7: OSC profiles of Pd-Ce02, Rh-Ce02, and Pd-Rh-Ce02 samples prepared by co-precipitation 
with Ce3+ precursor ([(NM+Ce3+]), by wet impregnation on Ce02 (NM/Ce02), and by a combination of 
both methods (Rh/[Pd+Ce3+]).The OSC measurement was performed alternating switches between O2 
(10 ml min'1 of 5 %0 2 /He) and CO (10 ml min'1 of 10 %CO/He) using He as a carrier gas (90 ml min"1) at 
steady state temperatures. OSC instrument average standard error = ± 7.9 pmol O g"1.
No significant differences were found between the profiles of the bimetallic 
catalysts, with all of them overlapping at slightly higher values than those found for 
0.5Pd/CeO2.
The results obtained for the impregnated 0.1Rh-0.5Pd/CeO2 catalyst were 
expected to be higher than 0.5Pd/CeO2, as the addition of Rh will increase the 
amount of promoted surface ceria atoms. However, the 0.1 Rh/[0.5Pd+Ce] sample 
was expected to appear at similar or higher values to those of [0.5Pd+Ce] (as the 
same material was used to prepared the bimetallic catalyst), but it showed a 
significantly lower performance. As mentioned previously, this could be due to Pd 
being segregated to the surface during the impregnation of Rh, decreasing in this
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way the Pd-Ce contact, and/or to a deeper Ce-decoration of the Pd particles due 
to the sintering suffered during the extra calcination step. Lastly, 
[0.1Rh+0.5Pd+Ce] catalyst was expected to have a higher or at least similar 
oxygen capacity as [0.5Pd+Ce] as in addition of containing more noble metal, the 
co-precipitation method has previously been seen to improve NM-Ce contact 
(thus, promoting OSC). This however was not the case. The results agree with the 
previous characterisation performed, especially the results obtained during H2- 
TPR, where it was shown that all three catalysts consumed similar amounts of H2 
during NM-Ce reduction, concluding that the combination of NM and promoted 
ceria reduction was similar overall between these catalysts.
7.5. Light-off perform ance
Due to the similar behaviour of these samples shown during OSC experiments, 
and the different surface area compositions that they contain, only cold-start 
light-off conditions were used to evaluate their catalytic activity.
7.5.1. Cold-start conditions
During this work it has been shown that the light-off under continuous lambda at 
cold-start conditions are highly dependent on the number of active sites on the 
surface [23, 24]. Thus, this test was ideal to analyse the bimetallic catalysts, as 
they all contained very different surface compositions. The results for CO, NOx and 
HC conversion can be found in Figure 7-8.
The three profiles followed the same trends, where 0.1Rh-0.5Pd/CeO2 was the 
sample with the lowest light-off temperature, followed by 0.1Rh/[0.5Pd+Ce] and by
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[0.1 Rh+0.5Pd+Ce]. These results agreed with the metal surface area 
characterisation performed by CO chemisorption where it was seen that the 
co-impregnated material (0.1Rh-0.5Pd/CeO2) contained the most surface NM, 
followed by 0.1 Rh/[0.5Pd+Ce] and by [0.1 Rh+0.5Pd+Ce], even if these differences 
were small. Based on this, it seems that the total noble metal content affects the 
light-off temperature to a larger extent than the surface composition in terms of 
surface Pd:Rh ratio.
Table 7-6 summarises and compares the T50 for CO and the T30 for NOx of the 
bimetallic and the monometallic catalysts. It can be seen that in most cases all 
bimetallic catalysts showed a lower light-off temperature than the monometallic 
catalysts, most likely due to the overall higher NM content [23, 24].
Table 7-6: Necessary temperature to achieve 50% conversion of CO and NOx and to achieve 30% 
conversion of HC during a light-off test under constant lambda at 0.95 for Rh-Pd-Ce02 catalysts 
prepared by co-precipitation with Ce3+ precursor ([(Rh+Pd+Ce3+]), by wet impregnation on Ce02 
(Rh-Pd/Ce02), and by a combination of both methods (Rh/[Pd+Ce3+j). Light-off instrument average
standard error = ± 2 °C.
0.1Rh/CeO2 243 236 284
[0.1Rh+Ce] 287 369 >400
0.5Pd/CeO2 242 257 284
[0.5Pd+Ce] 228 252 285
0.5Pd-0.1Rh/CeO2 210 225 270
0.1Rh/[0.5Pd+Ce] 221 232 281
[0.1 Rh+0.5Pd+Ce] 227 240 281
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Figure 7-8: CO, NOx and HC light-off performance under constant lambda at 0.95 of Rh-Pd-Ce02 
catalysts prepared by co-precipitation with Ce3+ precursor ([(Rh+Pd+Ce3*]), by wet impregnation on 
C e02 (Rh-Pd/Ce02), and by a combination of both methods (Rh/[Pd+Ce3+]).The sample taken was 0.4 g 
(0.2 g sample + 0.2 g cordierite) and the gas flow rate 2 L min'1. The catalyst was heated using a ramp
rate of 10 °C min'1 from 100 to 400 °C.
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7.6. Summary
Different preparation methods were evaluated as possible tools to modify the way 
that Pd and Rh interact on Ce02 catalysts.
It was seen that when Pd and Rh are co-impregnated on a Ce02 support, a 
catalyst with higher metallic surface area is obtained. However, Pd is believed to 
be reside on top of Rh particles when exposed to high temperature under oxidising 
conditions (i.e. the calcination process used here), decreasing the Rh surface area 
[1. 8].
Another preparation evaluated consisted of the impregnation of Rh on [0.5Pd+Ce] 
which was previously prepared by co-precipitation. The idea behind this was to 
stop Pd and Rh from interacting and to increase the Rh surface area. However, 
there are indications of some Pd segregating during the impregnation process, 
which could have interacted with some of the Rh particles [3]. In addition, this 
possible Pd segregation would have decreased the improved Pd-Ce contact 
achieved with the co-precipitation method to prepare the [0.5Pd+Ce] sample. The 
characterisation of this sample showed that a higher Rh surface content was in 
fact achieved, but at the expense of Pd surface area, as deeper ceria decoration 
was found on the Pd particles. The reason for the change in ceria-decoration is 
unknown, but since this material is exposed to a second calcination at 650 °C (the 
first one during the synthesis of [0.5Pd+Ce] and a second one after the 
impregnation of Rh) physical changes were expected.
The last preparation was based on the co-precipitation of all the metals 
simultaneously ([0.1Rh+0.5Pd+Ce]). The aim of this preparation was to create an 
intimate contact between all the metals, especially between each of the noble 
metals with the ceria to further promote a larger number of ceria atoms and 
improve the OSC. However, although a larger number of Ce atoms appear to have
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been promoted (based on H2-TPR experiments), the OSC was not better than 
either of the other two bimetallic samples. This behaviour is suspected to be 
related to a lower number of surface sites [22] and/or a possible strong Pd-Rh 
interaction during the preparation, which could have prevented them from 
interacting with ceria to the same extent as on the monometallic catalysts 
prepared by co-precipitation. In terms of available surface sites, this catalyst 
contained the least metal surface content, due to greater ceria encapsulation.
Regarding OSC, all the catalysts appeared to have similar capacities, which 
agreed with the overall H2 consumption associated to NM-Ce reduction during 
H2-TPR, since the consumed H2 was similar between all the three samples.
To conclude, different surface areas and compositions were obtained depending 
on the preparation method used. The catalysts with the highest metal content was 
0.1Rh-0.5Pd/CeO2 followed by 0.1Rh/[0.5Pd+Ce] and by [0.1Rh+0.5Pd+Ce]. The 
catalyst that contained the most surface Rh was 0.1Rh/[0.5Pd+Ce] and the least 
0.1Rh-0.5Pd/CeO2 (due to Pd covering Rh particles). The catalyst with the highest 
Pd content was 0.1Rh-0.5Pd/CeO2 and the one containing the least was 
[0.1 Rh+0.5Pd+Ce].
Overall, besides the different surface compositions, all the catalysts presented 
similar OSC, which in agreement with H2-TPR results suggests that the improved 
NM-Ce contact during the co-precipitation is counteracted by the poorer availability 
of surface active sites [22]. In terms of light-off temperature, the profile was seen 
to be directly linked with the total amount of NM surface content [23, 24], 
independent of its composition. Thus, the different preparations of bimetallic 
0.1Rh-0.5Pd-CeO2 catalysts did not lead to an improvement in terms of OSC or 
light-off temperature compared to the reference catalyst prepared by 
co-impregnation, showing similar behaviours between them. This finding is in
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contrast to what was seen for monometallic catalysts prepared by co-precipitation 
with Ce3+ precursor, which showed an improved OSC compared to the equivalent 
catalysts prepared by impregnation.
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8.1. Effect of Ce-precursor
The effect of the Ce-precursor used in the co-precipitation was evaluated; the 
Ce-precursor was found to have a great impact on the structure of the final 
product. The co-precipitation of Pd2+ and Ce3+ led to a catalyst with similar Pd 
surface area to the material prepared by impregnation but with a significantly 
better Pd-Ce interaction, which is believed to be due to the partial ceria decoration 
of the Pd particles [1, 2]. The higher number of Pd and Ce atoms in contact led to 
an improved OSC and CO oxidation rate.
The co-precipitation of Pd2+ and Ce4+ produced a catalyst with lower specific 
surface area and lower Pd content. The loss of Pd is believed to occur as a 
consequence of Pd(OH )2 leaching during the washes of the precipitant during the 
preparation [3-5]. However, it was noticed that the Pd surface area was 
significantly lower than for the reference material and that this decrease could not 
be entirely related to the overall lower Pd content. Characterisation of this sample 
indicated that the loss of Pd surface area could also be related to an increase of 
ceria encapsulation of the Pd particles (based on CO chemisorption, EtOH-TPSR, 
XPS and TPR). This is suspected to occur as a result of the formation of large 
particles due to particle agglomeration during the preparation, which could have 
trapped the Pd particles leading to deeper encapsulation by the ceria. High 
agglomeration could have occurred as a consequence of a higher supersaturation 
during the preparation of this sample [6].
8.2. Effect of noble metal
0.5Pt-CeO2 and 0.5Rh-CeO2 catalysts were also studied. The co-precipitation of 
these NM with Ce3+ also led to products with an improved NM-Ce interaction.
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However, the choice of NM had an impact on the final structure of the catalyst.
The co-precipitated Pd catalyst ([0.5Pd+Ce3+]) was found to have a very similar 
amount of surface Pd to the impregnated 0.5Pd/CeO2 catalyst; in contrast, the 
co-precipitated Pt and Rh catalysts ([0.5Pt+Ce3+] and [0.5Rh+Ce3+]) contained a 
lower content of surface noble metal compared to their reference catalysts 
prepared by impregnation (0.5Pt/CeO2 and 0.5Rh/CeO2). The co-precipitation of 
[0.5Pt+Ce3+] led to a product with Pt particles deeply encapsulated by ceria, and 
the co-precipitation of [0.5Rh+Ce3+] to a product with larger Rh particles than the 
reference sample, partially decorated with ceria.
It could be seen that in all co-precipitated samples, better NM-Ce contact (higher 
number Ce atoms promoted by the NM) improved the NM-Ce reduction during 
H2-TPR experiments as a consequence of a higher H2 spillover. In addition, due to 
a larger number of ions being in contact, the OSC improved as a consequence of 
a better oxygen mobility [1]. This led to a small improvement in the pollutants 
conversion under perturbed light-off conditions; however, the improvement 
achieved was unexpectedly low, compared to the level of OSC improvement. This 
suggests that the conversion was not only controlled by the total oxygen storage 
capacity of the material, but also by its kinetics (i.e. how fast the oxygen can be 
accessed) [7-9].
In terms of OSC for the co-precipitated samples, Pd was the noble metal that led 
to a greater improvement at low temperature (< 300 °C), whilst Rh was 
significantly better in the high temperature region (> 300 °C) compared to their 
impregnated versions. The improvement obtained for the co-precipitated 
[0.5Pt+Ce3+] sample compared to the impregnated 0.5Pt/CeO2 catalyst was lower 
when compared to the improvement achieved for Pd and Rh sets (At 400 °C, the 
OSC for the co-precipitated sample compared to the impregnated sample
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increased by 170 pmol O g'1 for Pd, 34 pmol O g'1 for Pt, and 282 pmol O g'1 for 
Rh).
On the other hand, the performances of the light-off temperature and low 
temperature OSC (< 300 °C) were seen to be closely linked to the amount of 
active surface metal [10-12]. Because of this, there was no light-off improvement 
for [0.5Pt+Ce3+] and [0.5Rh+Ce3+] samples (i.e. CO-T50 at 307 °C for 0.5Pt/CeO2 
and 332 °C for [0.5Pt+Ce3+], and at 217 °C for 0.5Rh/CeO2 and at 243 °C for 
[0.5Rh+Ce3+]), as they contained a significantly lower surface area of NM 
compared to their reference catalysts prepared by impregnation. The [0.5Pd+Ce3+] 
sample was the only catalyst that showed similar or slightly lower light-off 
temperature than the impregnated equivalent sample 0.5Pd/CeO2 (i.e. CO-T50 at 
242 °C for 0.5Pd/CeO2 and 228 °C for [0.5Pd+Ce3+]). This occurred due to both 
catalysts containing similar amounts of Pd surface areas.
8.3. Effect of Pd loading
The effects of the NM loading were also evaluated focusing on the co-precipitation 
of Pd2+ and Ce3+ ([Pd+Ce3+J) preparations. It was seen that the co-precipitation 
technique was advantageous over the impregnation method only at loadings lower 
than 0.75 wt% Pd. As explained in Chapter 4, the reason for this is that when 
impregnating low amounts of Pd on C e0 2, the Pd particles finish extremely 
dispersed, which makes them interact too strongly with the support, leaving them 
less reactive [2, 13, 14]. At Pd loadings < 0.75 wt% there seemed to be a higher 
contribution from the Pd-Ce interface sites1 when the samples were prepared with 
the co-precipitation method; this changed to be the opposite at Pd loadings
1 Based on the comparison of Pd surface area obtained from EtOH-TPSR and CO chemisorption 
experiments.
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> 0.75 wt%, where there was a higher contribution of the interface sites for the 
impregnated samples.
In addition, based on CO chemisorption results, the Pd surface area appeared to 
be similar for the catalysts produced by both methods at low Pd loadings, whilst it 
was noticeably lower for the co-precipitated materials at loadings > 0.75 wt% Pd 
compared to the equivalent samples prepared by impregnation. All these results 
suggest that at low Pd loadings both methods lead to similar Pd particle sizes, but 
the co-precipitation leads to a higher number of Pd and Ce atoms in contact (as 
suggested by XPS Ce/Pd atomic ratios and H2-TPR), adding more highly active 
Pd-Ce interface sites where the pollutants can be adsorbed [2]. Instead, at higher 
Pd loadings, the characterisation performed suggested that bigger Pd particles 
were obtained with the co-precipitation method (decrease in Pd dispersion), which 
as a consequence would have a detrimental impact on the number of highly active 
interface sites.
The differences found depending on the Pd loading cannot be easily justified. 
However, the different OSC trends observed for the catalysts prepared by 
impregnation and by co-precipitation, where there was a gradual increase of the 
OSC with the Pd loading for the impregnated materials, but no significant changes 
for the co-precipitated samples, suggests that the Pd loading has a bigger impact 
in the impregnation method.
Based on this study, the co-precipitation method seems a better preparation 
technique to prepare Pd-Ce02 catalysts with Pd loadings lower than 0.75 wt%, 
whilst the impregnation method should be chosen for the preparation of higher Pd 
loadings.
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8.4. Co-precipitation of Pd, Ce and Zr
The impact of Pd:Ce ratio was also noticeable when evaluating the Pd-CeZr 
samples. Here only two different palladium loadings were evaluated, 0.25 and 0.5 
wt% Pd. In this case, only the sample prepared by co-precipitation containing 0.25 
wt% Pd ([0.25Pd+Ce+Zr]) had a higher OSC than the sample with similar Pd 
loading prepared by impregnation. The [0.5Pd+Ce+Zr] sample had a lower oxygen 
storage capacity than the 0.5Pd/CeZr catalyst. One of the differences found 
between the two sets of samples was the different surface metal adsorption. 
Similar Pd surface areas were found between the methods CO chemisorption and 
EtOH-TPSR methods for the [0.25Pd+Ce+Zr] sample; however, the Pd surface 
content obtained for [0.5Pd+Ce+Zr] was higher during the EtOH-TPSR analysis 
compared to the value obtained from the CO chemisorption. This suggests that 
less CO was adsorbing per Pd site on the [0.5Pd+Ce+Zr] sample, which could be 
due to a change in the CO:Pd adsorption stoichiometry. This could not be 
confirmed.
The lower CO adsorption seems to be responsible for the higher light-off 
temperature found for the [0.5Pd+Ce+Zr] catalyst compared to 0.5Pd/CeZr during 
the activity tests under cold-start and perturbed conditions (i.e. CO-T50 under cold 
start test of 222 °C for [0.5Pd+Ce+Zr] and of 212 °C for 0.5Pd/CeZr; CO-T50 
under perturbed conditions of 244 °C for [0.5Pd+Ce+Zr] and of 225 °C for 
0.5Pd/CeZr). On the other hand, similar light-off temperatures were found for the 
0.25Pd-CeZr samples prepared by co-precipitation and impregnation (i.e. CO-T50 
under cold start test of 243 °C for [0.25Pd+Ce+Zr] and of 239 °C for 0.25Pd/CeZr; 
CO-T50 under perturbed conditions of 248 °C for [0.25Pd+Ce+Zr] and of 249 °C 
for 0.25Pd/CeZr), most certainly due to the similar Pd surface areas found for 
these materials (as evidenced by CO chemisorption and EtOH-TPSR).
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8.5. Impact of the preparation method on bimetallic Rh-Pd-Ce02 
catalysts
The final part of this work was based on the preparation of bimetallic catalysts, 
based on 0.1Rh-0.5Pd-CeO2, by different preparation routes to promote or avoid 
Pd-Rh interaction, as well as the interaction with the C e 0 2. In this case, three 
catalysts were prepared based on the co-impregnation of Rh and Pd on C e 0 2 
(0.1Rh-0.5Pd/CeO2), on the impregnation of Rh on a previously co-precipitated 
[0.5Pd+Ce3+] (0.1Rh/[0.5Pd+Ce]), and on the co-precipitation of Rh, Pd and Ce 
([0.1 Rh+0.5Pd+Ce]). For the 0.1Rh-0.5Pd/CeO2 and [0.1Rh+0.5Pd+Ce] samples 
the aim was to promote Pd-Rh interaction, and for 0.1Rh/[0.5Pd+Ce] to avoid it.
The different preparations led to products with different metal surface area 
compositions, with the sample prepared by impregnation containing the most NM 
on the surface (1.7 m2 g‘1 in 0.1Rh-0.5Pd/CeO2, 1.4 m2 g'1 in 0.1Rh/[0.5Pd+Ce], 
and 1.3 m2 g'1 in [0.1Rh+0.5Pd+Ce], based on CO chemisorption analyses). In 
terms of metal surface composition they also appeared to be different, with 
0.1Rh/[0.5Pd+Ce] sample containing the most Rh on the surface and 0.1 Rh- 
0.5Pd/CeO2 the least and 0.1Rh-0.5Pd/CeO2 containing the most surface Pd and 
[0.1Rh+0.5Pd+Ce] the least. However, the characterisation performed in these 
catalysts showed that the combination of NM and promoted Ce reduction led to 
similar H2 consumption during H2-TPR. This indicated that besides the lower NM 
surface areas achieved with the co-precipitation method compared to the 
impregnation synthesis, a larger number of NM and Ce atoms were being 
promoted by the NM in the co-precipitated samples. The results obtained from the 
OSC tests agreed with the H2-TPR experiments, as they all showed similar OSC  
capacities. Thus, it is suggested that the improved NM-Ce contact created during 
the co-precipitation was counteracted by the poorer availability of surface active 
sites compared to the sample prepared by impregnation [15].
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Thus, for these preparations the co-precipitation method did not further improve 
the NM-Ce promotion. In the case of [0.1Rh+0.5Pd+Ce] this is suspected to be 
related to a lower number of surface sites [15] and/or a possible stronger 
interaction occurring between Rh and Pd, than with the Ce; and for
0.1Rh/[0.5Pd+Ce], the loss of the improved Pd-Ce contact of [0.5Pd+Ce] is 
suspected to be due to Pd segregation during the impregnation of Rh [16]. In 
terms of light-off performance, the 0.1Rh-0.5Pd/CeO2 showed the lowest light-off 
temperature due to containing a higher metal surface area [12,17].
8.6. Summary
In most cases, the co-precipitation improved the promotion of surface ceria, most 
likely due to the creation of a partial ceria decoration on the NM particles. As a 
consequence, the improved NM-Ce promotion has increased the oxygen storage
capacity and the pollutants conversions compared to the equivalent impregnated
/
versions due to the increase of NM-Ce interface sites which are highly active. 
However, in most cases this method has also led to materials with a lower metal 
surface content which could have a detrimental effect in their light-off temperature.
The Pd:Ce ratio had a significant impact on the activity of these catalysts, and it 
was only at low Pd loadings that the co-precipitation method presented 
advantages over the impregnation preparation. A similar behaviour for other noble 
metals would also be expected. This study suggests that an optimal loading exist 
to obtain the highest efficiency and performance with samples prepared by 
co-precipitation with a Ce3+ precursor.
In this work, only the fresh catalysts were evaluated. However, TWC are usually 
exposed to high temperatures (~1000 °C), thus the evaluation of these catalysts
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after high temperature ageing is suggested. In addition, this work has also shown 
that the type of cerium precursor has a significant impact in the final structure of 
the catalyst, thus other parameters (such as the noble metal precursor, 
temperature of precipitation or precipitant addition) should be evaluated.
Moreover, the EtOH-TPSR technique created during this work will be further 
developed. In-situ infrared spectroscopy will be used to monitor the EtOH 
adsorption on noble metals supported on different substrates and to evaluate its 
changes with the temperature to understand more about the reactivity of different 
metallic sites.
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The specific surface area was calculated by the BET method, based on 
N2-physisorption at sub-ambient temperature (at the boiling temperature of liquid 
nitrogen, 77 K).
Stephen Brunauer, Paul Hugh Emmett, and Edward Teller (BET) developed this 
theory using Langmuir’s theory as a base. Langmuir’s theory is based on 
monolayer molecular adsorption, while the BET theory is based on a multilayer 
gas adsorption. For the BET theory the following hypotheses need to be assumed
•  The adsorbent surface is homogeneous.
•  There are no lateral interactions between the adsorbant molecules.
•  Gas molecules physically adsorb infinitely as layers on a solid.
•  At equilibrium the rate of adsorption is equal to the rate of desorption.
The resulting equation from this theory can be found below (A1-1) [1, 2]. This 
equation can be represented as a linear regression (y = c + mx):
Vm amount of gas adsorbed on the monolayer (volume units)
P equilibrium pressure of adsorbates at the temperature of
adsorption (pressure units)
Po saturation pressure of adsorbates at the temperature of
adsorption (pressure units)
C BET constant
[1, 2]:
Po
(A1-1)
y c + m
where V amount of gas adsorbed (volume units)
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The BET constant is expressed as
C  =
(A1-2)
where Ei heat of adsorption for the first layer (J)
El heat of adsorption for the second and higher layers (J)
R gas constant (8.31 J mol"1 K"1)
T temperature (K)
By plotting (l/V [P /P Q - 1 ])  versus (P /P0 ) a straight line is obtained 
(Figure A1-1). This plot is known as a BET plot. The linear relationship is only 
maintained in the range of 0.5 < (P /P0 ) < 0-35. Using the slope (m) and 
y-interception (c) values it is possible to calculate the monolayer adsorbed gas 
quantity (Vm) and the BET constant (C) using the equations below:
c {
p
Figure A1-1: Example of BET plot.
C-1
VmC ( A 1 - 3 )
1
(A1-4)
With this, is then possible to calculate the total surface area ( S tota i) and the specific 
surface area ( S S A  or S Be t)  using the following equations:
IUIA
Vm Na s , .  . o Stotal , _  _
S»*1 = - Sj j $ -  (A1-5) s b e t  -  —  (A1-6)
where S totai total surface area (m2)
S b e t  specific surface area (m2 g‘1)
Vm amount of gas adsorbed on the monolayer (m3)
Na Avogadro's number (6.022x1023 molecule mol’1)
s adsorption cross section of the adsorbing species
(m2 molecule)
MV  molar volume of adsorbate gas (m3 mol'1) 
a mass of adsorbent (g)
The N2 adsorption was performed at 77 K using an Autosorb-1 analyser from 
Quantachrome. Prior to the analysis the samples were outgassed at 350 °C to 
remove any moisture or unwanted adsorbed species that may have been present 
on the surface.
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Ce02 is not a material that uses its full oxygen capacity (not 100% efficient). The
addition of dopants and/or noble metals usually promotes its efficiency [3-5].
To calculate the efficiency of the materials presented in this work, the next steps 
were followed:
1. Quantification of CeO? moles (exclusion of moles from noble metal):
Supposing that 0.0982 g of (0.5 wt% Pd)-Ce02 were used, it is possible to 
calculate how much correspond to grams of Pd [6]:
0.5 gPd
0.0982 g sample ■ ——---------- — =  4.91xl0“4 g Pd
°  100 g sample &
It is supposed that all the Pd exists as PdO, thus the grams of Pd need to be
expressed as grams of PdO (molar weight of Pd = 106.42 g mol'1, and
PdO = 122.42 g mol'1) [6, 7]:
1 mol Pd 1 mol PdO 122.42 g PdO
4.91xl0-4 g Pd • •-------- — -  • — ----------------=  5.65xl0”4 g PdO° 106.42 gPd 1 mol Pd 1 mol PdO &
By extracting the grams corresponding to PdO from the total weight of the sample, 
it is possible to calculate the weight related to Ce0 2 :
0.0982 g sample — 5.65xl0~4 g PdO =  0.0976 g Ce02
The grams of C e02 are then transformed to moles (molar weight of
C e 0 2 = 172.12 g mol'1) [6, 7]:
1 mol CeO
00976  g Ce° 2 ' 172.12 g Ce02 =  5-67xl(r+  mo1 Ce02
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2. Calcuiation of theoretical maximum OSC based on the reduction of CeO?:
2Ce02 ^  Ce203 + 1/202
Based on the equation above, for each 2 moles of Ce02, 0.5 moles of O2 will be 
released (theoretically) [6, 8].
. 0.5 mol 02 .
5.67xl0"4 mol Ce02  -----— f  = 1.42xl0"4mol 024 2 mol Ce02 4
And then in 1 mol of O2 there are 2 moles of O. The units are also transformed to 
pmol at the end. This value corresponds to the total amount of oxygen that Ce02 
can use, theoretically.
. 2 mol 0 106pmol
1.42xl0-4 mol 02 •  -----—--------------- = 283.85 pmol 04 1 mol 02 lm o l
3. Calculation o f OSC from  the noble metal, supposing 100% reduction:
PdO ^  Pd + 1/202
In point 1, the amount of PdO was calculated, which corresponded to 
5.65-1 O'4 g PdO. The grams of PdO are transformed to moles (molar weight of 
PdO = 122.42 g mol'1) [6, 7].
. 1 mol PdO ,
5.65xl0"4 g PdO • ■ ^  = 4.61xl0-6 mol PdO122.42 g  PdO
To reduce 1 mol of PdO, 0.5 moles of 0 2 are needed.
_ 0.5 mol 02 .
4.61x10 6 mol PdO •  ---------  = 2.31xl0~6 mol 021 mol PdO 4
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The moles of 0 2 are transformed to moles of O, and to pmol units.
, 2 mol 0 106umol
2.31x10 6 mol 0 2 ■   —   -— = 4.61 pmols 0
1 mol 02 1 mol
4. Assuming complete reduction of PdO. the theoretical OSC contribution from the 
noble metal is extracted from each of the experimental OSC values (Experimental 
OSC -  Theoretical OSC from NM). The value obtained should be the OSC 
contribution from the CeO?:
100 13.63
4.61
9.02
200 26.88 22.27
300 39.75 35.14
400 46.57 41.96
5. The experimental OSC values from CeO? are divided by the theoretical OSC 
value and multiplied bv 100 to obtain the efficiency in percentage:
100 9.02
283.85
3.2
200 22.27 7.8
300 35.14 12.4
400 41.96 14.8
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A3. Stes.dy-Ste.te Isotopic Transient 
Kinetics Analyc-is (ESITKA) -
Example
SSITKA was used to study the kinetics of the CO oxidation reaction over the 
different catalysts. This technique enables the simultaneous quantification of the 
number of active catalytic sites on the catalyst and the activity of these catalytic 
sites under in-situ conditions.
This method is based on the monitoring of the reactant species in the reactor feed 
during a switch in which one of the reactants is switched to its isotopic labelled 
equivalent (i.e. 12CO is switched to 13CO). To maintain isothermal and isobaric 
reaction conditions, all the gas concentrations and flows need to remain 
undisturbed during the step change. As the gas reactants will be the same, the 
intermediates formed will not change, and this allows the steady-state kinetic 
behaviour of the surface of the catalyst to be studied [9].
A3.1. Obtaining reaction rate
0.0099 g of sample were placed in the middle of a quartz reactor held by quartz 
wool in each side. The reactor was then placed inside the furnace and connected 
to the gas lines and a mass spectrometer.
CO oxidation reactor was monitored at different temperatures: 30, 40, 50, 60, 70 
and 80 °C. The gas flows used were:
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a) Part I: CO (12C) b) Part II: CO (13C)
52.5 ml min'1 of 5% 0 2 /He 52.5 ml min"1 of 5% 0 2 /He
5.5 ml min'1 of 1%CO/5%Ar/He 5.5 ml min'1 of 1%CO/He
In order to calculate the reaction rate at each temperature, the catalyst was under 
conditions specified in Part I (unlabelled CO) for 30 s before switching to the 
conditions of Part II (labelled CO).
co 12CO
13COoc
3u_
0)
03
Co -
8- 0 .4  -
03
.1  0.2  —wc
CO I
12C02
13C02
Switch
0.0
100 150 200
Time / s
Figure A3-1: Evolution of gas concentrations during CO-SSITKA analysis.
The conversion of CO (13C) to CO2 (13C) after 3 minutes was calculated. 
Previously, a blank reactor was used to measure the signal of unreacted CO (13C) 
in order to be able to calculate this conversion:
/CO measured — CO m inim um \
% CO conversion =  100 — ( (— ————   — — —----------- ) 100)
V CO blank — CO minimum )
Where CO measured: CO mass spectrometer signal during the test
CO minimum: CO mass spectrometer signal when there is no
CO in the gas feed.
CO blank: CO mass spectrometer signal during the test
with a blank reactor.
r \p |^ ^ i iu ia  I
Knowing the reactant flow (5.5 ml min'1 1%CO/5%Ar/He = 0.055 ml min'1 CO) and 
the fraction of it that is reacting is possible to calculate the rate:
1. The flow is transformed to I s'1.
0.055 ml CO 1 min 11
min 60 s 1000 ml = 9.17xl0-7l s"1
Then, knowing the CO conversion (here it is supposed 29% CO conversion), it is 
possible to calculate the litres of CO that are reacting [6].
9.17xl0~7l CO fed 2 9 1 CO reacting , ■
----------------------------------- l e A — 2.658x10 1 S” 1s 1001 CO fed
2. The volumetric flow is then converted to molar flow by using the ideal gas law 
[6, 10]:
n P 
PV = nRT -* — =
V RT
It is assumed ideal gas conditions, therefore
P = 100 kPa 
T = 298 K
R = 8.314 IkP aK '1 mol-1
n 100 kPa
= 40.362xl0-3 mol I"1V (8.3141 kPa mol"1 K"1)(298 K)
The molar flow is then obtained using this conversion factor:
= 0.0107 gmol s
2.658xl0-7 1 40.362xl0-3 mol 106 gmol ____   , -;L
11 1 mol
Volumetric flow Molar flow
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3. Finally, the reaction rate is calculated by dividing the molar flow by the sample 
weight:
0.0107 Limol s-1  ,,r  =    =  1.0808 pmol s 1 g 1
0.0099 g
Reaction rate
A3.2. Obtaining reaction orders
To define the reaction orders, the reaction rate is calculated at a fixed temperature 
under different gas conditions, where the concentration of one of the reactants is 
modified and the other one maintained constant [11]:
Table A3-1: Gas concentrations used to calculate reaction orders with respect to CO and O2 .
Concentration of 
A and B 
/ mol r1
Concentration of 
C
1 mol I'1
Concentration of 
A and B 
/ mol r1
Concentration of
c
/ mol I'1
2.25x10'6
2.20x1 O'3 2.14x1 O'5
2.28x10‘3
1.12x1 O'5 1.83x10'3
2.25x1 O'5 1.37x1 O'3
4.51x1 O'5 4.57x1 O'4
*A = 1 %CO(12C)/5%Ar/He; B= 1%CO(13C)/He; C = 5% 02/He
As explained in Chapter 2, if one of the reactants’ concentrations is maintained 
constant, the reaction rate can be expressed as:
In (r ) = ln(fe) + b\n(\B])  +  a 
y = c + m
i u i a
Therefore, from the graphical representation of ln(r) vs ln[A] is possible to calculate 
the reaction order, which corresponds to the slope of the regression line.
The example corresponds to the calculation of the reaction order with respect of 
[CO]:
Figure A3-2: Regression line obtained from the ln[CO] and in(r). Rate values {t) obtained from SSITKA
experiments.
A3.3. Obtaining k and Ea from Arrhenius equation
Once the reaction orders are known, it is possible to calculate /cfrom the graphical
representation of the naperial version of the Arrhenius equation [11]:
E
ln(fc) = ln(i4) -  ~
R
y = c + m
Since the reaction rate had already been calculated at different temperatures, it is 
just a matter of calculating k at each of these temperatures.
y = 0.784x + 8.8924 
R2 a 0.9995
Slope = 0.8
Ln[CO]
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Table A3-2: Parameters used for the representation of the regression line to calculate E0.
[O.SPd+Ce3*]: [CO]
T /K Rate / pmol s '1 g '1 k = r/[ CO] 1/T In (k)
323 0.76
1
50559 3.10x10‘3 10.83
333 0.86 57120 3.00x1 O'3 10.95
343 0.98
__  ... . ... ..... *__ __ _____
64905 2.92x1 O'3 11.08
353 1.08
I I
72118
I ....................I
2.83x10'3
I__ _ . J
11.19
11.25
y = -1361x + 15.044 
R2 = 0.9994
11.20
11.10 -
11.05
-  11.00
10.95 Slope = -1361 K
10.90
10.85
10.80
0.0028 0.00285 0.0029 0.00295 0.003 0.00305 0.0031 0.00315
1/T
Figure A3-3: Regression line from the representation of 1/T vs Ln(k) to calculate the slope of the line to
obtain £ a.
If the slope corresponds to -E JR  (and R is the ideal gas constant, 
8.314 J K~1 m ol'1), is then possible to calculate Ea:
Ea = (1361 K)(8.314 J K-1 mol-1) =  11315 J mol"1 =  11.3 KJ mol"1
A“V p | J O I  I LI I A
As the light-off was performed under rich lambda (A = 0.95) this means there was 
an excess of reducing species, therefore 100% conversion of CO and HC could 
not be achieved because there was not enough available oxygen for their 
oxidation (1.6% O2 is needed to completely oxidise C3 H6> C3 H8 , and CO, and there 
was only 0.95% O2 available during the test). Initially, CO oxidation occurred 
(increase of CO conversion), but when the HC oxidation started later at a higher 
temperature, CO and HC competed for the available oxygen leading to a 
decreased CO conversion. Due to this decrease in CO conversion and a 
continuous increase of HC conversion it is suggested that HC oxidation is more 
favourable than CO oxidation at temperatures higher than ~280 °C when they are 
in competition.
To demonstrate this, Figure A4-1 shows the CO profiles of two experiments. For 
one experiment the complete gas mixture used during cold-start light-off was used 
(A = 0.95), and for the other experiment the HC (C3 H8 and C3 H6) was removed 
(A = 1.02). By removing HC, a lean lambda is obtained, which means there is an 
excess of oxidant species in the flow. As Figure A4-1 shows, under this lean 
lambda (A = 1.0 2 ) the complete oxidation of CO is possible.
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Figure A4-1: CO light-off performance under constant lambda at 0.95 (full gas mix) and constant 
lambda at 1.02 (no HC) of 0.5Pd/CeO2 sample prepared by impregnation on Ce02. The sample taken 
was 0.4 g (0.2 g sample + 0.2 g cordierite) and the gas flow rate 2 L min"1. The catalyst was heated 
using a ramp rate of 10 °C min'1 from 100 to 400 °C.
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The instrument standard error for most of the techniques used in this thesis was 
calculated using the standard deviation (A5-1), the relative standard deviation 
(A5-2), and the standard error (A5-3) equations below [12, 13]:
Where
s =
"N N - l  
s
RSD = -  100 (A5‘2)
X
SE* -  ^  (A5-3)
s standard deviation
Xi measured value
X average value
N population
SEX- standard error
RSD relative standard deviation
The errors associated to XRD results were calculated automatically by computer 
software based on Rietveld1 and Pawley2 analysis. These measurements were 
performed by Dr Hoi Jobson (jobsoh@matthey.com) and Dr Edward Bilbe 
(BilbeE01@matthey.com).
1 Powder diffraction pattern fitting using full structural models including atomic positions.
2 Powder diffraction pattern fitting using unit cell only models.
Appendix
A5.2. BET-SSA
The specific surface area of a CeZr 1:1 molar ratio was measured by the BET 
method. The measurement was performed 3 times under the same conditions, 
previously outgassing at 350 °C. The SSA-BET values and the standard error 
obtained from this can be found in Table A5-1:
Table A5-1: Calculation of BET-SSA instrument standard error.
A 76
B 86 ±4 8
C 89
A5.3. CO chemisorption
The metal surface area of a Pd-Ce02 sample was measured by the 
CO-chemisorption method. The measurement was performed 3 times under the 
same conditions. The values and the standard error obtained from this can be 
found in Table A5-2:
Table A5-2: Calculation of CO chemisorption instrument standard error.
A 50.6 1.13
B 54.6 ±1.9 6 1.21 ±0.04 6
C 57.1 1.27
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A5.4. EtOH-TPSR
The metal surface area o f several Pd-C e02 sam ples was m easured by the 
E tO H -TPSR  method. The m easurem ent was performed tw ice fo r each o f these 
sam ples under the same conditions (A and B). The values and the standard error 
obta ined from  this can be found in Table A5-3:
Table A5-3: Calculation of EtOH-TPSR instrument standard error.
A 0.33 0.01 2B 0.32
A 1.88 0.09 6B 2.07
A 1.07 0.17 20 ±0.07 16B 1.43
A 0.09 0.03 35B 0.15
A 0.55 0.06 17B 0.43
A5.5. Ethane Hydrogenolysis
The ethane hydrogenolysis o f a R h -C e 0 2 sample was perform ed tw ice under the 
sam e conditions. The va lues and the standard error obtained from  this can be 
found in Table  A5-4:
Table A5-4: Calculation of ethane hydrogenoysis instrument standard error.
A 296 ±4 2B 305
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A5.6. H2-TPR & CO-TPR
The H2-TPR of a Pd-Ce02 sample and the CO-TPR of a Rh-Pd-Ce02 sample 
were performed twice each under the same conditions. The values and the 
standard errors obtained can be found in Table A5-5, A5-6 and A5-7:
Table A5-5: Calculation of H2-TPR instrument standard error regarding peak position.
Main NM-Ce 
reduction
Surface Ce 
reduction Bulk Ce reduction
Measurement Peak T1° c
Standard
error
/°C
RSD
/%
Peak
T
1° C
Standard
error
1° C
RSD
/%
Peak
T
1° C
Standard
error
1° C
RSD
/%
A 96 ± 16 10 333 ± 18 3 840 ± 10 1B 112 351 850
Average standard error: ± 14 °C
Average RSD: 4 %
Table A5-6: Calculation of H2 consumption instrument standard error based on the integration of the
NM-Ce reduction during a H2-TPR experiment.
Main NM-Ce 
reduction
Surface Ce 
reduction Bulk Ce reduction
Measurement Integration / mmol g 1
Standard 
error 
1 mmol g'1
RSD
/%
Integration 
/ mmol g'1
Standard 
error 
/ mmol g'1
RSD
/%
Integration 
/ mmol g'1
Standard 
error 
/ mmol g’1
RSD
/%
A 0.58 ±0.01 2 0.30 ±0.02 10 0.47 ±0.03 9B 0.60 0.35 0.41
Average standlard error: ± 0.02 mmol g-1
Average RSD: 7 %
Table A5-7: Calculation of CO-TPR instrument standard error regarding peak position, based on CO2
formation.
Main NM-Ce 
reduction Surface Ce reduction Bulk Ce reduction
Measurem
ent
Peak T
1° C
Standard
error
1° C
RSD
/%
Peak T
r  c
Standard
error
l°C
RSD
/%
Peak T
r c
Standard
error
r c
RSD
/%
A 290
± 1 < 1
398-
610 ± 1 < 1
______
6 1 0 -
890 ±2 < 1
B 288 395-608
6 0 8 -
884
Average standard error: ± 1 °C
Average RSD: <  1 %
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A5.7. OSC
The OSC o f a Pd-Ce02 sam ple was perform ed 3 tim es under the same conditions 
The va lues and the standard error obtained from th is can be found in Table  A5-8:
Table A5-8: Calculation of OSC instrument standard error.
100 0 0 0 0.0 0
150 34.6 28.6 43.5 4.3 21
200 83.0 71.6 101.5 8.7 17
250 124.5 100.2 130.5 9.3 13
300 179.9 143.2 181.2 12.5 13
350 228.3 217.5 5.4 3
400 276.7 246.5 15.1 8
Average 
standard 
error 
/ nmol g'1
± 7 .9
Average
RSD
/ %
11
A5.8. CO-SSITKA
For the reaction rate determ ination, each point m easured during the CO -SSITKA 
was perform ed 3 times. The error was calculated for each m easured point 
ind ividually. An exam ple o f th is calculation can be found below  in Table A5-9:
Table A5-9: Calculation of reaction rate standard error.
A 0.16
B 0.17 ±0 .01 6
C 0.15
The Ea how ever was determ ined based on the slope of a regression line, w here x 
was 1/T and was . The standard deviation o f the slope (Sb) is calculated 
using equation A5-5 [13]:
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sy/x  ~
Sb =
I f U ( y (  -
n — 2
s y / x
A5-4
A5-5
W here sy/x standard deviation o f the linear regression 
sb standard deviation o f the slope
x t m easured va lue at the x-axes
y t m easured va lue at the y-axes
x  average value
Yi y-va lue based on the regression line equation 
N population
As an exam ple, a regression line with equation x = 20.04 -  3255 .90x and 
R2 = 0.99 was obtained from the data shown below  in Table  A5-10 . The standard 
deviation o f the slope was calculated using the the A5-4 equation. In th is  case, the 
standard error o f a sam pling distribution corresponds to the standard e rror [13].
Table A5-10: Calculation of the standard deviation of the slope from a linear regression.
3.10E-03 9.93E+00
3.00E-03 1.03E+01
2.92E-03 1.06E+01
2.83E-03 1.08E+01
S tan d a rd  
d e v ia tio n  o f  
s lo p e
± 3 7 6 .1 2
Thus, the slope can be defined as -3255.90 ± 246.06 K. The Ea is determ ined from  
th is  slope (A5-5):
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b =  —  A5-5
R
W here b slope
Ea activation energy (J m o l'1)
R  universal gas constant (8.314 J m o l'1 K '1)
Therefore
Ea = -(-3255.90 K)(8.314 J m o l'1 K '1) = 27056.53 J m o l'1 
And the error from this calculation can be calculated as
R Sb = (8.314 J m o l'1 K '1)(246.06 K) = 2044.76 J m o l'1 
The Ea can be then expressed as:
Ea = 27056.53 ± 2044.76 J m ol'1 or 27 ± 2 KJ m o l'1
A5.9. Activity Light-off
The ligh t-o ff o f a Pd-C e02 sam ple was perform ed tw ice under the same 
conditions. The va lues and the standard error obtained from this can be found in 
Table  A5-11:
Table A5-11: Calculation of light-off instrument standard error, based on cold-start conditions (A =
0.95).
A 230
± 4 3
253
± 2 1
325
± 1 < 1
B 239 257 326
A ve rag e  s tandarc I e rro r: ± 2 °C
A ve rag e  RSD: 1 %
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A6. NM species during the co­
precipitation preparation of NM-Ce02
catalysts
In some cases, the co-precipitation method to prepare NM-Ce02 catalysts led to 
precipitates that changed colour during the calcination. The changed in colour was 
associated to a change in the oxidation state of the metal. To demonstrate this, the 
dried and calcined powders of the NM-Ce02 preparations (NM = Pd, Pt, Rh) were 
submitted for XPS. The results are detailed below:
A6.1. Effect of Ce-precursor in the co-precipitation of 0.5Pd-CeO2 
catalysts
A6.1.1 . Ce3+ p re c u rs o r  ([0 .5P d+C e3+])
The preparation of 0.5Pd-CeO2 using a Ce3+ precursor led to a dark grey 
precipitate that changed colour to bright yellow once calcined. The dark grey 
colour of the dried material suggested the presence of metallic Pd, and the change 
in colour to yellow after the calcination was a sign of the re-oxidation of the 
metallic Pd species to PdO.
These samples were submitted for XPS. The Pd3d profiles can be seen in Figure 
A6-1. Here it can be observed that the uncalcined material contained the presence 
of metallic Pd species (Pd3d bands at 335.1 and 341.6 eV) as well as Pd2+ (Pd3d 
bands at 337.4 and 342.7 eV). However, the calcined material did not contain
Mppenuix
metallic Pd, only Pd2+ (Pd3d bands at 337.3 and 342.5 eV) and Pd(2+V)+ (Pd3d 
bands at 338.3 and 343.5 eV) species [14, 15].
A) Dried Measured 
Optimised 
Background 
Pd° - 3d5,2 
Pd° - 3d3;2 
Pd2* - 3d5-2 
Pd2* - 3ds<2
338 340
Binding Energy I eV
348
Measured
 Optimised
—  Background
. . . .  Pd(2+V!* . 3d5/2
Pd(2**i+ - 3d3/2 
Pd2* - 3d5/2 
Pd2* - 3d3/2
B) Calcined
333 335 336 337 338 339 340 341 342
Binding Energy I eV
343 344 345 346 347
Figure A6-1: Deconvolution of Pd3d XPS peaks for 0.5Pd-CeO2 samples prepared by co-precipitation with Ce3+ 
precursor. A) dried and B) calcined in air at 650 ®C for 2 hours.
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It is interesting that not only metallic Pd species were found in the uncalcined 
material. Assuming that a completed redox reaction occurred between Pd2+ and 
Ce3+, it is likely that the presence of air and the exposure to -103 °C (due to the 
basified solution being at boiling point) could have been responsible of the 
re-oxidation of some metallic Pd during the preparation.
AB.1,2, Ce4+ precursor ((O.SPd^Ce4*})
In the case of the co-precipitation of Pd2+ with Ce4+ precursors, the precipitate 
obtained was yellow in colour and did not change after the calcination. This 
suggested that all the Pd species present in this sample existed as PdO. To 
confirm this, these samples were also analysed by XPS.
In this case there was a significantly lower presence of Pd species in the near­
surface, which affected the quality of the XPS signal. In Figure A6-2 it can be 
observed that no metallic Pd species were detected for either sample, confirming 
the initial hypothesis. For the uncalcined material the Pd3d bands appeared at
338.7 and 343.8 eV, related to Pd(2+Y)+ species, whilst for the calcined material the 
same bands appeared shifted towards lower binding energies (at 337.7 and 
343.6 eV) and were associated to Pd2+ [14, 15]. This suggests that there was a 
stronger interaction between Pd and Ce in the uncalcined material.
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Figure A6-2: Pd3d XPS peaks for O.SPd-CeO* samples prepared by co-precipitation with Ce4+ precursor. Blue = dried;
Red = calcined in air at 650 9C for 2 hours.
A6.2. Pt-Ce02 catalyst prepared with Ce3* ([0.5Pt+Ce34])
Pt-Ce02 catalysts prepared with Ce3+ precursor also suffered a change in colour, 
from grey when the precipitate was dried, to light brown after the calcination. The 
grey colour of the dried powder was associated with the presence of metallic Pt 
species. The light brown colour after the calcination was an indication of the re­
oxidation of the metallic species to P t02.
The XPS Pt4f profiles for the dried and calcined [0.5Pt+Ce3+] samples can be 
found in Figure A6-3. It can be seen that the dried precipitate contained metallic Pt 
(Pt4f bands at 73.0 and 76.4 eV) and Pt4+ (Pt4f bands at 71.2 and 74.6 eV) 
species, whilst the calcined material only contained Pt4+ species (Pt4f bands at
72.7 and 76.0 eV) [15, 16]. This confirms that a redox reaction exists between Pt4+ 
and Ce3+ during their co-precipitation.
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Figure A6-3: Deconvolution of Pt4f XPS peaks for 0.5Pt-CeO2 samples prepared by co-precipitation with Ce 
precursor. A) dried and B) calcined in air at 650 eC for 2 hours.
S im ilar to the [Pd+C e3+] preparation, a com bination o f m etallic Pt and Pt4+ species 
were found in the uncalcined material. Making sim ilar assum ptions, it is possib le  
that the re-oxidation of some m etallic species could have occurred in solution.
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A6.3. Rh-Ce02 catalyst prepared with Ce3+ ([0.5Rh+Ce3+])
The co-precip ita tion of R h3+ with Ce3+ was the on ly preparation that led to a brown 
precip ita te  that did not change colour during the calcination process. This 
suggested no further changes in the oxidation state o f Rh. XPS analyses 
confirm ed th is, show ing that only Rh3+ species (Rh3d bands at 309.3 and 314.0 
eV  fo r the uncalcined sample, and at 309.1 and 314.1 eV fo r the calcined sample) 
were present in both m ateria ls [15, 17]. Rh3d profiles of dried and calcined 
pow ders can be found in Figure A6-4:
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Figure A6-4: Rh3d XPS peaks for 0.5Rh-CeO2 samples prepared by co-precipitation with Ce3+ 
precursor. Blue = dried; Red = calcined in air at 650 °C for 2 hours.
A6.4. Summary
The fo llow ing table sum m arises the peak positions and assigned species found fo r 
the sam ples m entioned in the sections above:
Appendix
Table A6-12: Summary of the peak positions and assigned species found for the NM-CeC>2 samples 
(NM = Pd, Pt, Rh) prepared by co-precipitation with Cej+ precursor. Comparison of the species found 
before and after calcination in air at 650 °C for 2 hours.
[0.5Pd+Ce3+]
dried
335.1 (Pd) 
337.4 (Pd2+)
341.6 (Pd) 
342.7 (Pd2+)
- -
[0.5Pd+Ce3+]
calcined
337.3 (Pd2+) 
338.3 (Pd(2+Y)+)
342.5 (Pd2+) 
343.5 (Pd(2+Y)+)
- -
[0.5Pt+Ce3+]
dried
...
73.0 (Pt) 
71.2 (Pt4+)
76.4 (Pt) 
74.6 (Pt4+)
[0.5Pt+CeJ+]
calcined
------ —..... ...........
72.7 (Pt4+)
■
76.0 (Pt4+)
_________ ............. ... ... . .... I
[0.5Rh+Ce ] 
dried
[0.5Rh+Ce3+]
calcined
309.3
(Rh3+)
309.1
(Rh3+)
314.0 
(Rh3+)
314.1 
(Rh3+)
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